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ABSTRACT 
Photoluminescence Studies of Single-walled Carbon Nanotubes: Chirality-resolved 
Length Characterization and Porphyrin Sensitized Electronic Energy Transfer 
by 
John Patrick Casey 
Photoluminescence spectroscopy has emerged as a powerful technique for 
characterizing the structure and optical properties of single-walled carbon nanotubes 
(SWCNT). While SWCNT diameter and chirality information is now routinely available 
from photoluminescence spectral analysis, the other primary structural parameter, length, 
has not been measurable except through tedious microscopy. This thesis extends the use 
of photoluminescence to obtain length information on ensembles of SWCNT in 
suspension through analysis of their optical anisotropy when aligned by the shear of a 
flowing fluid. The theoretical background and custom-built instrumentation are described 
and demonstrated to yield analyses comparable to the standard method of atomic force 
microscopy. A unique benefit of the new method is the resolution of correlations between 
length and (n,m) structural indices through spectral analysis of the data. The common 
sample preparation steps of sonication and centrifugation are found to alter the sample 
length distribution in a diameter-dependent manner. The shear aligned 
photoluminescence anisotropy method provides a new means for quickly determining the 
lengths of SWCNT in bulk suspensions and more thoroughly investigating their structural 
properties. Photoluminescence characterization techniques such as this depend on 
ii 
radiative decay of SWCNT excited states, which occurs with efficiencies below 10%. 
Nonradiative relaxation is clearly dominant, yet the detailed decay pathways and their 
relationship to nanotube structure remain essentially unknown. It is currently suspected 
that optically forbidden states, such as spin triplet states, are a major factor in the low 
luminescence efficiency of SWCNT. Experimental studies are described involving 
energy transfer from optically excited porphyrin sensitizers in an attempt to selectively 
populate such unexplored SWCNT triplet states. Efficient energy transfer is clearly 
observed in non-covalent SWCNT-porphyrin complexes. Analysis suggests that singlet 
rather than triplet interactions are dominant in this system. These studies demonstrate 
efficient electronic coupling between excited states of the nanotube and porphyrin that 
make such complexes potentially useful as artificial light-harvesting chromophores. 
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Chapter I: Introduction and literature review 
Single-walled carbon nanotubes (S WCNT) are an allotrope of carbon that has 
attracted the attention of scientists from virtually every discipline. Part of the fascination 
with carbon nanotubes originates from their size and aspect ratio. While the diameter of a 
SWCNT is comparable in size to many organic molecules, their length is typically many 
orders of magnitude larger. Thus many of the physical and chemical properties of carbon 
nanotubes are molecular-like yet others are closely related to the extended nature of the 
crystalline lattice. Due to this interesting size regime and the resulting material properties, 
carbon nanotubes are investigated by a diverse group of researchers often interested in 
very different fundamental and applied problems. Physicists have found carbon 
nanotubes a useful platform for studying optical and electronic transport processes in 
quasi-ID systems, which engineers are attempting to apply to a variety of electronic 
devices. Chemists and material scientists are intrigued by SWCNT mechanical strength 
and hope to eventually incorporate carbon nanotubes into cheaper stronger composites. 
Recently, even biologists and physicians have begun to study carbon nanotubes as new 
medical imaging agents and drug delivery scaffolds. Despite the immense interest from 
the community and potential technological implications, carbon nanotube research and 
practical implementation is hindered by a number of critical challenges. This thesis will 
demonstrate a new photoluminescence technique and photophysical knowledge that 
improves the characterization of SWCNT. An overview of the structure of carbon 
nanotubes and the problems associated with their diverse properties will be presented. 
Improved sample characterization is an important step in solving these problems and so a 
background of the common optical methods will be discussed. Since much of the 
research in this thesis is based on the electronic spectroscopy of carbon nanotubes a 
review of the electronic and optical properties of carbon nanotubes will be given. Next, a 
new photoluminescence technique for length characterization will be introduced that 
expands the array of experimental tools available for determining nanotube sample 
composition. The usefulness of photoluminescence methods for sample characterization 
ultimately depends on the photophysical decay pathways of the excited state, which are 
still not completely understood. Intersystem crossing to triplet states, for example, is 
rarely mentioned in the literature yet may be a factor in the relatively low 
photoluminescence quantum yields of carbon nanotubes. This leads to an introduction of 
energy transfer studies aimed at determining the role of triplet levels. 
What are carbon nanotubes? Structural classifications 
Conceptually, carbon nanotubes are simply one or more graphene sheets (single 
planes of graphite) rolled into concentric cylinders as shown in Figure 1. A large 
(theoretically infinite) number of structures can be generated by connecting 
crystallographically equivalent carbon atoms in the graphene plane. Each carbon layer in 
the nanotube can be specified by a set of indices (n,m), which specifies the linear 
combination of graphene basis vectors a\ and 02 defining the roll-up or chiral vector 
Ch = na\ + mai 
0<m<n (] 
3 
Figure 1: Construction of a carbon nanotube from a graphene lattice. Depending on 
the angle a, "zigzag", chiral and "armchair" structures can be produced (modified 
from Ref. -1 and2. 
Multi-walled carbon nanotubes will not be considered here so the nanotube is uniquely 
identified by one set of (n,m). The roll-up vector along with the orthogonal translation 
vector 
T = 2m + n 
gcd(2« + m, 2m + «) 
\a\ 2n + m 
\ 
gcd(2« + m, 2m + n) J a2 
gcd = greatest common demoninator 
give the nanotube's crystal unit cell. Knowledge of (n,m) gives a wealth of structural 
information about the nanotube. The two most widely used parameters are its diameter d 
given by: 
(1.2) 
d = — ^ n2+m2 + nm 
n (1.3) 
and chiral angle a : 
V3w 
a-tan ' 
,2n + m. 
0<a<* (1 
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where a is the carbon-carbon bond length (~0.144 nm). The diameters of SWCNT are 
generally from 0.6 -2 nm depending on the production method. Qualitatively the chiral 
angle gives the "twist" of the graphene lattice. A nanotube is referred to as "zigzag" if a 
= 0 and "armchair" if a-n/6. These structures are achiral due to a reflection plane of 
symmetry normal to the nanotube axis. All other nanotubes exist as left and right handed 
enantiomers. Since carbon nanotubes are a nanocrystalline material, the number of unit 
cells should be specified giving another fundamental structural parameter, length. 
Depending on the growth method and processing conditions, nanotubes can have lengths 
ranging from a few nanometers to centimeters. 
A brief overview of some SWCNT properties 
Carbon nanotubes are widely touted for their exceptional strength. The tensile 
strength of SWCNT have been experimentally demonstrated3 to be of the order -50 GPa. 
Since the density of SWCNT is only ~1.3 g/cm3 they are considered to have the highest 
specific tensile strength of any known material. While the experimental results have not 
been able to specify the types of nanotubes involved, theoretical modeling predicts that 
the tensile strength depends on the diameter and chiral angle4"6. Generally, SWCNT are 
desired for reinforcing another low cost material such as a polymer. The mechanical 
performance of these composites is determined by factors such as the interface between 
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the nanotube and host matrix and the macroscopic orientation of the SWCNT7'8, which in 
turn depend on the nanotube diameter and length. 
Carbon nanotubes are excellent thermal conductors with the experimental 
conductivity being reported at 3500 W/m K9. While the (n,m) structure is predicted to 
have little effect on the thermal conductivity, a SWCNT is anisotropic so heat transport 
is most efficient along the nanotube axis and predicted to be length dependent10'n. 
Additionally the ability of an ensemble of nanotubes within a host material to carry 
thermal energy should also depend on SWCNT length since most losses occur at the 
10 
nanotube-host interface . 
SWCNT are unique in that electronically 2/3 of the structures are semiconductors 
and 1/3 metallic in nature. This diverse behavior has motivated research to develop all-
carbon based electrical circuits utilizing nanotubes. Metallic SWCNT are very 
conductive, with ballistic transport being observed for at least 100 nm in short 
nanotubes13. The large aspect ratio of nanotubes has assisted in the fabrication of 
transparent, flexible, conductive films at low densities14. Semiconductor SWCNT have an 
extremely high carrier mobility, almost five times greater than silicon15'16. Novel field 
effect transistors (FET) have been demonstrated at the single nanotube level as well as 
with large SWCNT networks17'18. 
The exceptional optical properties of semiconductor SWCNT are one of the most 
recent areas of exploration. The discovery of SWCNT photoluminescence (PL) in the 
near-IR has opened up the field of nanotube photophysics and spectroscopy. 
Electroluminescence has been demonstrated for individual nanotube FET in both unipolar 
and ambipolar operation1 ' °. Conversely photoconductivity has been measured in these 
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devices as well with interesting possibilities for new photodetectors21. The excitement 
over SWCNT PL is largely due to its unique spectral signature in the near-IR, which is 
relevant for both biological and communications applications. SWCNT have been 
successfully imaged in biological specimens such as fruit flies and rabbits utilizing their 
very stable intrinsic PL22'23. Data transfer through fiber optic networks primarily operates 
in the telecom window of-1550 nm. The main optical media in these applications are 
relatively expensive Erbium-doped silica fibers for transmission and amplification of 
signals. These networks rely heavily on nonlinear processes and cheaper stable materials 
are desired. SWCNT have large third-order nonlinear polarizabilities and show ultrafast 
saturable absorption that has been demonstrated in generating sub-picosecond Erbium 
laser pulses24. 
Challenges to SWCNT applications 
A central theme of the previous section is that while SWCNT have exceptional 
properties, they vary significantly with structure. Each of the applications discussed 
usually has a maximum benefit for specific types or sizes. While the mechanical 
applications are somewhat tolerant to variations in nanotube structure, most of the 
electro-optical uses have very specific requirements and may perform poorly or not at all 
if the wrong forms of nanotubes are present (e.g. transistors containing metallic 
SWCNT). Unfortunately the main methods of nanotube fabrication yield substantial 
polydispersity in SWCNT structure both in (n,m) and length. Furthermore, raw nanotube 
material is typically further processed by chemical or physical means that modify the 
nanotube length25"27. A significant amount of effort has been made by the nanotube 
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research community to separate or grow SWCNT of the desired types and lengths. While 
large scale production of monodisperse nanotube samples has not yet been achieved, 
there has been significant progress. Electrophoresis and dielectrophoresis have been 
shown to partially separate metallic and semiconductor nanotubes28. Chemical 
functionalization is sensitive to electronic structure, can be used to selectively modify 
certain structures, and is easily scalable29. Length fractionation can be achieved using 
methods such size exclusion chromatography or centrifugation ' . Perhaps the most 
promising separation method to appear is the density gradient ultracentrifugation (DGU) 
procedure pioneered by the Hersam group at Northwestern University33. The density of 
each nanotube type is related to its diameter, and can be further modified by suspending it 
with a surfactant. If a polydisperse sample of SWCNT is centrifuged in a medium with a 
density gradient, then each nanotube structure will equilibrate in a region where the 
buoyant and gravitational forces cancel. The technique has been used to substantially 
enrich samples in a single (n,m) type. Unfortunately the method currently yields sub-
milliliter sample volumes, but can in theory be scaled up. 
The second challenge faced is in efficiently and accurately characterizing the 
content of a sample in terms its structure. In principle this seems an easy task, since a 
number of microscopy techniques are currently used to analyze other nanoparticles. To a 
large extent, the properties of carbon nanotubes are determined at the A level. A metallic 
and semiconductor nanotube can have essentially the same diameter, with the only 
difference being the chiral angle a. Scanning tunneling microscopy and electron 
nanodiffraction are the only method that can resolve this slight difference in atomic 
structure, but unfortunately the time and cost for characterizing an ensemble is 
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prohibitively high and therefore limited to special uses in basic research. Characterizing 
nanotube length is somewhat easier since the scales involved are many nanometers to 
micrometers. Atomic force and transmission electron microscopy have been used with 
varying degrees of success34. These techniques certainly have sufficient resolution for 
these length scales, however they are hindered by an interesting problem unique to 
carbon nanotubes. SWCNT have a strong tendency to form bundles due to strong van der 
Waals interactions which must be overcome through surface modification such as a 
surfactant coating. When these samples are deposited onto a substrate for length analysis, 
a distinction must be made between single nanotubes and aggregates. The difference is 
often only a 1-2 nm increase in diameter from the single SWCNT. While atomic force 
microscopy can resolve this difference, the surfactant layer can also modify the effective 
diameter. These two effects depend on processing conditions and disentangling them can 
be quite difficult. Additionally, the microscopy techniques are relatively slow since a 
statistically significant population must be counted and analyzed. 
Spectroscopy represents a very different approach to solving these 
characterization problems. Chemists have long used electronic, vibrational, and spin 
based spectroscopic techniques to resolve sub-nanometer differences in molecular 
structure. The application of these methods to nanoparticle characterization has been 
generally slow with direct imaging techniques still the main tool. The reason may be the 
simplicity in determining a structure from an image, compared to the detailed quantum 
mechanical analysis needed to deduce structure from spectra. This is particularly 
challenging when the number of atoms is too large for quantum chemistry, but too small 
for solid state analysis. However, once the spectroscopy has been developed it can 
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become a powerful routine technique, such as nuclear magnetic resonance (NMR) and 
infrared spectroscopy for organic molecules. The next sections will highlight the roles of 
vibrational and more recently electronic spectroscopy in SWCNT characterization. 
Carbon nanotube optical spectroscopy - Vibrational 
Vibrational spectroscopy of carbon nanotubes has been heavily focused on 
resonance Raman scattering. Raman spectroscopy was one of the first optical techniques 
applied to SWCNT and has generated a substantial body of theoretical and experimental 
work on phonons in nanotubes35. An extended system such as a SWCNT has a large 
number of vibrational degrees of freedom. The number of phonon modes of any 
crystalline structure is related to its unit cell, which for a SWCNT is specified by the 
(n,m) values. For a unit cell of N atoms, 3N phonon branches exist. Even relatively small 
nanotubes of ~1 nm may have 100 or more branches. Fortunately only a few modes have 
the proper symmetry and momentum to be observed in optical spectroscopy. There are 16 
Raman-active modes for zigzag and armchair nanotubes and 15 for the remaining chiral 
structures36. Not all of the Raman modes have significant scattering cross-sections so that 
the measured (1st order) Raman spectrum of a single SWCNT consists of 4 main bands as 
seen in Figure 2a. The most characteristic of these peaks is the radial breathing mode 
(RBM), which is found up to -400 cm"1 from the Rayleigh scattered line. This mode is 
the most sensitive to nanotube structure and its frequency depends inversely on diameter. 
It is significantly weaker than the other bands, and since the shift is small a relatively 
narrow bandwidth laser and high resolution detection system is necessary. The next peaks 
are observed at -1590 cm"1 and -1570 cm"1 and are denoted as G+ and G" respectively. 
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These derive from a degenerate in-plane C-C stretching mode of graphite, which splits 
due to symmetry breaking from curvature. The G+ band is essentially independent of 
SWCNT structure, while the G" red-shift shows a weak inverse diameter dependence. In 
theory, these should be the only three spectral features, but a fourth broader band is often 
observed near 1350 cm"1 as a result of sp3 hybridized carbon sites that disrupt the 
nanotube's crystalline order. This peak is often referred to as the "disorder" or D band 
since it is associated with defects in the graphitic crystalline lattice. A comparison of 
relative G and D intensities is typically used to characterize the purity of SWCNT 
material or monitor processes that modify the nanotube structure such as chemical 
functionalization. Raman spectroscopy is particularly useful for distinguishing 
amorphous carbon material from nanotubes or detecting sidewall damage from 
processing that cannot be easily found with microscopy methods29'37. 
Raman cross-sections are very small so in practice resonant Raman spectroscopy 
is performed. When the excitation laser is scanned, the scattering intensity increases 
greatly when an electronic transition is in resonance with the laser. In a sense, this is 
beneficial, because Raman spectra can be obtained for selected structures by proper 
tuning of the laser frequency such as in Figure 2b. For example, for smaller diameter 
nanotube samples, the region between 18,000 and 20,000 cm"1 is dominated by metallic 
SWCNT electronic transitions, while 12,000-15,000 cm"1 corresponds to semiconductor 
transitions. Relative scattering intensities in these two regions are often used for 
charactering the relative distribution of semiconductor and metallic SWCNT38'39. 
However the electronic transitions of SWCNT vary by -10,000 cm"1 in a typical sample, 
11 
which requires an expensive tunable narrow bandwidth laser system if systematic 
examination of the entire nanotube population is to be performed 40 
1600 i£oo 2600 
Raman shift (cm1) 
350 
REM (cm1) 
Figure 2: (a)Raman spectra of two different individual (7,5) SWCNT and (b) 
resonant Raman spectra of a nanotube ensemble with tunable excitation (modified 
from Ref.41 and 40) 
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Carbon nanotube optical spectroscopy - Electronic 
A detailed description of the electronic structure and optical transitions of 
SWCNT will be given in the next section but here a brief overview of spectroscopic 
characterization is given. Electronic spectroscopy of SWCNT received little attention 
until the 2002 discovery of near-IR PL from semiconductor SWCNT42. This was mainly 
due to diffuse spectral resolution in low quality samples suspended in organic solvents, as , 
illustrated in Figure 3a. The complexity of the spectra originates from the polydispersity 
problem mentioned previously, further complicated by strong spectral broadening from 
interactions between nanotubes. The excellent dispersion properties of some aqueous 
surfactants allowed measurements of structured absorption spectra such as in Figure 3b 
from new samples consisting of mostly individual disaggregated SWCNT. In addition, 
near-IR PL was detected from semiconductor structures in such samples, leading to a rich 
new field of SWCNT spectroscopy that was not feasible with the organic solvents 
previously used. One of the earliest powerful results from this work was the assignment 
of PL spectral positions to specific nanotube structure by Bachilo, Weisman and co-
workers43' 44. By spectral analysis of both excitation and emission photon energies, the 
presence or absence of a semiconducting (n,m) structure in a sample could be determined 
based on unique relationships between structure and transition energies. While this is 
possible in principle with resonant Raman spectroscopy, the PL spectra are substantially 
easier to measure, and expensive tunable laser systems are unnecessary. 
13 
Wavelength (nm) Wavelength (nm) 
Figure 3: (left) Absorption spectra of SWCNT in various organic solvents, (right) 
Absorption spectra of nanotubes in aqueous surfactant system (modified from ref. 4 
and45). 
From graphene to nanotube - a single particle picture of SWCNT electronic 
structure 
The basic relationships between structure and optical spectra of SWCNT can be 
largely understood from the simplest electronic theory. Just as the physical structure of a 
SWCNT is conveniently described in terms of the parent graphene sheet, its electronic 
structure can be derived from that of graphene to give a very intuitive picture. 
Conceptually the electronic states of the SWCNT are found by calculating those of 
graphene and selecting a set of allowed states that satisfy the periodic boundary 
conditions imposed by wave function confinement around the nanotube circumference. 
The unit cell of graphene consists of two equivalent carbon atoms that form a set 
of basis vectors ai and ai for the real space lattice (as in Figure 1): 
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a\=a Yx+ly 
ai-a 
V 3 - 1 -
^—x — v 
2 2 (1.5) 
where —j= is the equilibrium carbon-carbon bond length. The reciprocal lattice that the 
V3 
electronic wave functions are expressed in terms of are given by 
r 2n b\=-— 
a 
r In 
b2= — 
^'
x+
~r 
-izx-y 
.S (1.6) 
The translational symmetry of the lattice allows the construction of wave functions in 
terms of periodic functions that satisfy Bloch's theorem 
i j ^ ^ e x p ihah2 (1.7) 
where Tia translates the wave function ¥ along one of the two real space lattice vectors, 
fli or ai, k is the corresponding wave vector, and i is an integer. These wave functions 
are usually expressed in terms of the tight-binding approximation, which can be thought 
of as an extended molecular orbital basis set. The periodic wave function ¥{k,r) is 
expressed as a linear combination of localized atomic orbitals for each nuclear site in the 
lattice weighted with a phase factor, exp(/ k*R) : 
¥ k,r =Y*CJYJPJA r exP ik'R 
(1.8) 
where <p.
 R r is the j t h one-electron atomic orbital on the nuclear site R. The one-
electron wave function Hamiltonians form a system of equations that is solved using the 
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variational approach for the proper coefficients c, for the atomic orbitals for each wave 
vector kx and ky, giving the eigenenergies E{kx,ky). For each type of atomic orbital, a set of 
bands can be derived in this manner. Actual calculations usually exclude inner shell 
electrons and focus on the chemically and optically important valence orbitals, which for 
carbon are 2s and 2p atomic orbitals. The functional form of the energy dispersion for 
the out of plane 2pz orbitals in graphene is found to be 
s ± tea k 
E kx,k = 1 ± so k 
( „ R \ 
a) kx,ky = .|l + 4cos 
K 2 
cos | | ^ + 4 cos -K \2 y) (1-9) 
where eis the 2pz orbital energy, and t and s are calculated transfer and overlap matrix 
elements respectively. Figure 4 plots the energy dispersion in the graphene Brillouin zone 
for these energy bands. The lower and upper surfaces represent free electron valence and 
conduction bands, respectively or occupied bonding and empty antibonding 7t molecular 
orbitals respectively using standard chemical nomenclature. From this picture it is evident 
that graphene is metallic-like since these bands overlap at six wave vectors known as K-
points. While there is an orbital degeneracy at the K-points, strictly speaking graphene is 
classified as a semi-metal or zero-gap semiconductor since the density of states: 
dE k 
= 0 fork = K 
dk (1.10) 
although at any finite temperature conduction orbitals will be occupied giving metallic 
behavior. 
16 
3 
(6 
>s 
0 c 
LU 
K 
Figure 4: n-orbitals of graphene from simple tight binding calculation. The 6 wave 
vectors where the upper and lower surfaces touch are known as K-points. The 
parameters used are 8=0, s=-3.033 eV, t=0.029. 
The allowed SWCNT electronic bands are found by choosing the allowed wave 
vectors of graphene after examining the periodic boundary conditions imposed by a 
given CH vector. This is accomplished by finding a new wave vector K\ = kxx + k y that 
corresponds to the real space vector Ch and satisfies the boundary conditions: 
Ch'Ki = In 
T*Ki=0 
These linear equations can be solved for kx and ky giving the allowed quantized wave 
vectors Ki in terms of the (n,m) structural parameters. 
(1.11) 
~ In 
uK\ = — 
Na 
,—;= m + n x+ n-m y (i. 
where n is an index integer that labels each unique band, and N is the size of the unit cell. 
There are N bands in the first Brillouin zone, which are also doubly degenerate for ±ji as 
a result of the graphene symmetry. A second wave vector Kj is associated with the 
nanotube axis, however for a sufficiently long SWCNT, there are no confinement effects 
and the states can be treated as continuous. A discrete set of "cutting" lines can then be 
drawn for fiKj through the energy dispersion of graphene as in Figure 5. The SWCNT 
electronic bands can be visualized by evaluating the graphene bands at the allowed wave 
vectors: 
E k = E 
fl graphene 
f
 K A 
k ^ + juK, 
(1. 
where k is a continuous wave vector corresponding to the nanotube axis. The most 
important regions are those near the K-points where the valence and conduction band are 
only separated by a few eV or less. For simplicity, this is demonstrated in Figure 5 using 
only a single hexagonal unit, though the lowest bands in a real nanotube may be 
elsewhere in the first Brillouin zone. 
Figure 5: Periodic boundary conditions restrict the allowed wave vectors for 
SWCNT electronic bands, (a) The red "cutting lines" correspond to integer 
multiples of wave vector Ki{ around the nanotube circumference) and a continuous 
wave vector K2 (along the nanotube axis). The difference between valence and 
conduction band energies is shown in (b) for a single hexagonal cell. The wave 
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vectors of interest are those that pass near the Fermi level around the A* points (c) 
Each nanotube structure has a large set of allowed bands. The two lowest energy 
bands are shown here near the K point. 
Two interesting results arise from this simple treatment. First, the quantum 
confinement in the SWCNT results in a finite gap semiconductor for many values of 
(n,m). Distinguishing the general electronic character of each nanotube structure can be 
performed by finding the requirements for a cutting line fxKj+K2 to intersect a K point 
where orbital overlap occurs. This is done by checking if the K points: 
r & ~ \ - • & - 1 -
A= — x +—y K = — x — y 
a a a a (1.14) 
satisfy (1.11). It is found that at least one cutting line will intersect here if \n-rri) is a 
multiple of 3. In addition tight binding calculations predict that the band gap of a 
semiconductor SWCNT is inversely proportional to diameter . Despite the simplicity of 
this treatment, it illustrates the importance of the structural indices (n,m) for the 
electronic structure of the SWCNT. The next section will expand this basic idea to 
understand the optical transitions of SWCNT. 
Single particle optical transitions of SWCNT 
With knowledge of the allowed electronic bands in hand, it is possible to 
determine the single particle excitations that give the optical electronic spectrum. The 
number of orbitals in the crystalline SWCNT is immensely larger than for a single 
dE 
molecule so it is useful to consider the density of states — which gives the number of 
dk 
electronic states per unit energy. While three dimensional solids have rather uninteresting 
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density of state profiles, one dimensional materials like carbon nanotubes display van 
Hove singularities where many electronic states fall within a narrow energy range as can 
be seen in Figure 6. This picture is reminiscent of the molecular orbitals and discrete 
states of a small molecule and as such one might approximate the absorption spectrum by 
single electron excitations from filled to unfilled orbitals. Partial justification for this is 
that within the golden rule approximation, the absorption rate expressed as 
dt ' 'AP ' (1.15) 
becomes extremely small as the joint density of states p(Ey) shrinks away from the 
singularities, regardless of the dipole transition matrix element Dy. The details of these 
matrix elements for p(Ey) near the van Hove singularities can be computed using the tight 
binding wave functions if desired, but a set of transition selection rules is sufficient for 
the discussion in this thesis. 
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Figure 6: Density of states for a semiconductor SWCNT (left) the approximate 
absorption spectrum (right) from the joint density of states. Modified from 
reference 7. 
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Each singularity in the density of states picture is associated with a specific 
electron band labeled by \i. This label distinguishes wave functions of different angular 
momentum with respect to the nanotube axis. The allowed electronic transitions from 
valence to conduction band singularities can be found through symmetry or momentum 
conservation arguments and are summarized as follows 47. 
1. The photon carries no sizable linear momentum so that all transitions are 
vertical (Ak=0). 
2. If the photon electric field is oriented along the nanotube axis transitions are 
allowed for Au=0. These are referred to as parallel polarized transitions. 
3. If the photon electric field is oriented in the plane normal to the nanotube axis 
then transitions are allowed for Au=±l depending on the handedness of the 
nanotube and photon. These are referred to as perpendicular or cross polarized 
transitions. 
These rules predict a single excitation spectrum with one transition for each set of 
matching singularities u, which are denoted E w , |x=l,2,3. For a small diameter nanotube, 
these energies fall in the near-IR, visible, and ultraviolet respectively. Another two 
E +E . . 
degenerate transitions are associated with Au=±l at an energy —^ M "" . These 
cross-polarized transitions are very weak and rarely directly observed in experiment. The 
primary reason is the change in charge density is partially cancelled by local field 
effects48. The result of these rules is that the optical Spectra are dominated by a few 
electronic transitions highly polarized along the nanotube axis. 
After excitation of a transition such as the E22, the SWCNT relaxes to the lowest 
excited state, which is the En electron hole pair as shown in Figure 7. This state may 
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couple to the electromagnetic field and emit photons corresponding to energies in the 
near-IR. The importance of the excitation and emission processes is that they correspond 
to simple band-to-band transitions with structure dependent energies. If large spectral 
regions of the visible and near-IR are scanned it is possible to observe the resonances of a 
variety of nanotube structures as found by Bachilo etal. and shown in Figure 7. 
The structural assignment for the optical spectra was made by comparing the 
experimental ratio of excitation to emission energies with theoretical predictions from the 
tight-binding model. Similar patterns are observed in both experiment and computation, 
as shown in Figure 8. With aid from resonant Raman scattering data, the empirical and 
theoretical patterns could be directly correlated giving unambiguous structural 
assignments for each spectral feature. 
Density of Electronic States 
Figure 7: (left) Absorption and photoluminescence processes within the single 
particle approximation (from ref. 34) (right) The circled region corresponds to the 
photoluminescence map of En and E22 energies from a polydisperse sample of small 
diameter SWCNT (from ref. 44). 
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Excitonic effects in SWCNT 
The early work involving optical spectra was described in terms of the single 
electron band structure, which agreed remarkably well with experimental data. There 
were a few observations however, that suggested a more complete theoretical model was 
needed. Within the single electron picture, the ratio of E22/E11 energies is predicted to 
asymptotically approach 2 for large diameter SWCNT. It was quickly discovered that the 
results from PL measurements converged to a lower value of ~1.75 as seen in Figure 8. 
This was termed the "ratio problem"49. As theoretical analysis later revealed, this 
discrepancy arises from neglect of electron correlation in the tight binding approximation. 
If electron-electron interactions are considered the transitions are shifted to higher energy 
reducing this ratio. The actual effect is surprisingly small due to partial cancelation of 
different components of the Coulomb interaction50.This leads to the idea that the electron 
and hole should not be treated as free particles but as bound excitons. 
Other observations in the optical spectra suggested excitonic effects as well. The 
E22 transitions were seen to have Lorentzian line shapes of molecular "excitons" rather 
than the asymmetric shape predicted from join density of state models. Excitation spectra 
also reveal features ~ 200 meV above each primary electronic transition51. This energy 
corresponds to the G-phonon mode of graphene suggesting vibronic excitation, which is 
expected to be more significant within the exciton framework than the band to band 
transition model52. Additionally, within the exciton model this transition intensity is 
predicted to scale inversely with the diameter in agreement with the experimental 
observations53. Polarized PL spectroscopy has identified the cross-polarized transitions54' 
55(Au=±l). Their position is shifted from the expected single particle energies as a result 
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of the Coulomb interaction56'57. The first direct experimental confirmation of excitonic 
states was through nonlinear excitation of SWCNT PL, which demonstrated that two-
photon absorption occurs at more than half the energy of the single photon emission 
process, contradicting the single particle model 58 
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Figure 8: Experimental evidence of excitons(a) Empirical ratio plot from PL 
excitation-emission energies and (b) calculated within the tight binding 
approximation (From Ref44). The solid lines connect families of equal (n-m) values. 
(c) Two photon excitation spectra of three SWCNT structures. The dashed line is 
the theoretical spectrum from tight binding theory and solid line within an excitonic 
model(From Ref 58). (d) Experimental spectral positions for parallel polarized 
transitions (black X) and cross polarized transitions (red circle). The black squares 
are the expected cross polarized transition positions within a tight binding model 
(From Ref. 54). 
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The importance of electronic interactions implied by the experimental evidence 
led to extensive theoretical work in understanding the detailed carbon nanotube electronic 
structure. While the tight binding approximation is a relatively obvious path for the single 
particle problem, the inclusion of many-body physics is very challenging particularly for 
large systems like SWCNT. Two different approaches have been taken to model the 
excitonic effects in SWCNT. The solid state method approximates the quasiparticle 
excited states using many-body perturbation theory (MBPT) to calculate the Coulomb 
interaction using the Bethe-Salpeter equation50'59"61. The molecular approaches uses 
either time dependent density functional theory (DFT) 56'62'63 or single configuration 
interactions (SCI) within Hartree-Fock64'65 theory to handle the effects of Coulomb 
interactions. In general these methods agree qualitatively for the excitonic effects on the 
optical spectra. The repulsive part of the direct Coulomb interaction produces a positive 
correction to the tight binding energy for each excitation and is the origin of the ratio 
problem50'64. A slightly smaller attractive electron-hole component (exciton binding 
energy) reduces the excited state energies giving a net blue shift from the single particle 
excitation calculations. Theoretical work has demonstrated that the excitonic properties 
of SWCNT depend on structure, which may need to be taken into account for optical 
characterization methods66. 
Photophysical properties of SWCNT 
Extensive investigations into the photophysical properties of SWCNT have been 
carried out on SWCNT to understand the excited states. Once an exciton is generated, 
either optically or electrically the system is no longer in thermal equilibrium and the 
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excess energy will be dissipated. Excluding chemical processes, this energy ultimately 
ends up in the vibrational degrees of freedom or in emission of a photon. The usefulness 
of PL spectroscopy to characterize carbon nanotubes depends on a quantitative 
understanding of the factors influencing these nonradiative and radiative relaxation 
pathways. The pathway of relaxation through various states and the time scales involved 
give significant fundamental information about the intrinsic SWCNT 
electronic/vibrational structure as well the impact of extrinsic factors such as the 
surrounding environment. 
The relative importance of nonradiative and radiative transitions is quantified with 
the PL quantum yield: 
°^=TTT (L16) 
where kr is the radiative decay rate and knr is nonradiative decay rate from all other 
competing processes. One of the challenges of understanding photophysical processes in 
SWCNT is the huge dispersity in reported quantum yields,67"70 from 10"5 to 7xl0"2 . These 
low values are evidence that nonradiative decay is the dominant relaxation pathway. The 
dispersion over three orders of magnitude suggest that sample processing, which varies 
from lab to lab, can significantly influence the role of various extrinsic nonradiative 
channels. 
Many of the early PL studies reported the lowest quantum yields . The typical 
sample consists of individual SWCNT along with small bundles or ropes of nanotubes. 
Excitation energy can be transferred quite efficiently between SWCNT within these 
bundles through dipolar coupling from large optical gap to small gap SWCNT71"73. These 
small gap nanotubes appear to have lower quantum yields in agreement with the energy 
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gap rule70 reducing the Optof the ensemble. More importantly if a metallic SWCNT is 
present within a bundle, the excitation will almost certainly relax nonradiatively due to a 
continuous manifold of electronic states above the ground state. As improved sample 
processing techniques have reduced the fraction of bundles, the ensemble ®PL has 
increased to ~1Q"2 in good agreement with quantum yields measured at the single 
nanotube level70'74. 
Less understood is the role of defect states on nonradiative relaxation. 
Considering that every atom within the SWCNT is exposed to the surrounding 
environment, photophysical properties should be very sensitive to local perturbations. 
Various chemical treatments are known to quench nanotube PL including oxygen (in the 
presence of protons)75'76, diazonium salts77, and hydrogen peroxide78. SWCNT 
excitations are quite mobile and propagate diffusively (incoherent dipolar coupling) up to 
-90 ran within the excited state lifetime independent of nanotube structure79. If the 
exciton populates a defective region of nanotube, additional relaxation pathways due to 
gap states are possible reducing the quantum yield. These chemical modifications may 
also dope the nanotube with additional charge capable of quenching excitations by 
phonon-assisted ionization80. If high frequency C-H bonds are present enhanced 
vibrationally-coupled relaxation could occur. Also, since real nanotubes have finite 
lengths, even "pristine" tubes may be influenced by the end termination structure81. 
The intrinsic photophysical properties of SWCNT are of more general interest 
because they reflect the one-dimensionality of the nanotube and its electronic and 
vibrational structure. 
From a molecular photophysics viewpoint, the lowest excited state generally relaxes 
through luminescence, internal conversion (IC) into vibrational motion (phonons) and 
intersystem crossing (ISC) of spin states depicted by the simple Jablonski diagram in 
Figure 9. Understanding these basic pathways in SWCNT has been difficult due to the 
diverse extrinsic factors mentioned. Only in the past two years have studies begun to 
elucidate the details of the electronic fine structure and the photophysical processes 
involving them. 
In the absence of all nonradiative processes, near-IR luminescence from SWCNT 
would be limited only by the coupling of the exciton with the electromagnetic field. This 
fundamental radiative decay rate kr is directly related to the strength of the optical 
transition: 
*/=i6*2u-3>r a. 
3e0hc3 ' ' V 
where D is the dipole transition element, vmax is the center frequency of emission, and n is 
the surrounding refractive index. The intrinsic radiative lifetime for the optically allowed 
excitonic state has been calculated with MBPT59'61 to be r,. = k'1 =10 ps. At a given 
temperature, however, these excitons have finite linear momentum, which yields a 
temperature dependent effective radiative lifetime ( ~1 ns at room temperature). 
Experimentally, the radiative lifetime can be found from the measured PL quantum yield 
and lifetime (kr+km)'x using (1.16). The dominant decay time has been consistently found 
to be of the order of 10-100 ps at room temperature82'83. Early quantum yield 
measurements of 10"5 would suggest radiative lifetimes as long as 1 us, while the more 
recent quantum yield measurements of 10"2 give lifetimes closer to 1 ns. This radiative 
lifetime is comparable to those of strongly allowed transitions in molecular systems84. 
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Figure 9: A molecular Jablonski diagram. 
Even the largest estimates of the PL quantum yield indicate that >90% of 
excitations decay through nonradiative means. This has generally been attributed to 
optically forbidden excitonic states. The presence of strong direct Coulomb interactions 
has implications for the detailed electronic structure. For an infinitely long, pristine 
SWCNT, the exchange interaction splits the doubly degenerate bands of the lowest 
excited state into 16 excitonic states (4 spin singlets + corresponding triplets). These four 
singlets consist of mixtures of the lowest degenerate valence and conduction band 
excitations shown in Figure 10. The mixed states consist of the linear combination of 
single particle configurations85: 
.K.--+K + K'--*K' ( 4 ) 
K->K - K'->K' (A) (1.18) 
K^K' + K'^>K (E) 
K.->K' - K'^-K (E) 
where the symbols in parenthesis represent the symmetry group of the exciton wave 
function. The importance of the splitting is that only the antisymmetric (A2) singlet state 
K —>• K + K'->K' is optically allowed for single photon processes such as PL. The 
other 15 states are dark by angular momentum conservation (E), parity (Ai), or spin 
(triplet A2) considerations. Interestingly, the Ai dark state is predicted to be the lower in 
energy than the bright state in all theoretical studies. The size of the energy spacing 
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between singlet exciton states varies depending on the method used for calculation. Using 
the MBPT approach, Perebeinos and coworkers find only about 5 meV between the 
lowest (dark) state and the bright state60, while Spataru reports a larger splitting of 30 
meV with similar methods50. Within the SCI approximation of Hartree-Fock theory, Zhao 
and Mazumdar have found substantially larger splitting of ~110 meV for similar diameter 
nanotubes64. These largest values are almost identical to what Kilina and Tretiak have 
calculated using time-dependent DFT63'86. While the discrepancy between methodologies 
is not very large, these predicted energy gaps span a range from a fraction of the room 
temperature thermal energy to at least twice ksT. If the energy gap is small, these states 
are expected to thermalize quickly and little effect is expected on the PL. However a gap 
larger than ksT could allow the dark state to act as a nonradiative sink, reducing the PL 
quantum yield. 
The details of the exciton fine structure and the importance of the dark states is 
still an active research topic. Some of the experimental findings involving the exciton 
fine structure will be discussed in Chapter 3, but one general area of agreement is that the 
energy splitting is structure dependent. This implies that the use of PL spectroscopy for 
characterization an understanding of these states and their photophysical properties. 
30 
Single particle configurations 
K—K K*—-K' 
y v 
K^K K-*K' 
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Figure 10: The four single particle configurations (a) are mixed by the exchange 
interaction to form four excitonic states shown in (b) identified by their symmetry. 
The exciton wave vectors are given by the sum of the electron and hole wave vector 
keh. 
Importance of PL as a characterization technique for structural and photophysical 
properties 
Hopefully from this background it is evident that SWCNT PL is a powerful tool 
for determining nanotube structure and photophysical properties. In fact the method has 
reached such popularity among the nanotube community that two companies, Applied 
Nanofluorescence and HORIBA Jobin Yvon, now produce specialized PL systems for 
SWCNT characterization. One limitation of PL methods is that only the 
diameter/chirality information can be obtained from the spectroscopic data. The nanotube 
electronic structure is largely insensitive to length beyond the exciton size of a few 
nanometers . Yet SWCNT length is still key for a number of applications, so a PL based 
technique for length characterization would be extremely beneficial for a complete 
optical characterization methodology. With that aim in mind, Chapter 2 will introduce the 
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challenges of SWCNT length characterization and then describe a new PL-based 
technique for determining the aspect ratios of carbon nanotubes in suspension. The power 
of the PL method is that spectral resolution allows determination of length distributions 
for selected speicies, which is not possible by any other known method. An additional 
benefit is that the instrumentation is relatively low cost and eventually may be used for 
routine carbon nanotube characterization. 
Despite the great progress in SWCNT PL spectroscopy in only seven years, it is 
evident that there is much still to be learned about nanotube excited states. This 
knowledge will need to be incorporated into any analytical spectroscopy techniques such 
as those described in Chapter 2. While a great amount of effort has been made to 
understand the properties of the singlet excitonic states, triplet states have been almost 
ignored. Although there is some justification for excluding these states, recent 
experimental88 and theoretical89 work cast doubt on the validity of these arguments. Since 
three-quarters of the excited electronic states are triplets, they are statistically relevant, 
which is important for processes such as charge recombination90. Chapter 3 will describe 
attempts to detect SWCNT triplet states by energy transfer from porphyrin molecules. 
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Chapter II: Length Analysis of Single-Walled Carbon Nanotubes by 
Shear Aligned Photoluminescence Anisotropy 
Introduction 
Despite the exciting possible applications of single-walled carbon nanotubes, 
there are many challenges that must be overcome before they are successfully used in 
practical devices91. Arguably the most immediate concern is the separation of SWCNT 
by structure (i.e. length, diameter and chiral angle). In particular, the community has 
shown significant interest in diameter/chiral angle separation techniques92 as the 
electronic structure is closely related to these structural parameters. New purification 
techniques in this direction have produced high-purity semiconductor nanotube samples 
with superior transistor performance93 and highly conductive metallic nanotube films94"96. 
Nanotube length separation has received somewhat less attention, although a number of 
methods such as chromatography26'30, field flow fractionation97, and centrifugation31'32'98 
have been demonstrated to be feasible. The importance of nanotube length in many 
applications has already been demonstrated. The use of macroscopic amounts of SWCNT 
typically used to obtain the percolative behavior to produce a interconnective network 
within some host matrix99 or free standing film14. The critical amount of material needed 
to produce percolation depends strongly on the length of the individual elements forming 
the network. Obviously longer nanotubes are very desirable in this case. For similar 
reasons, improved thermal and mechanical properties are obtained for composites 
containing long SWCNT 8' 10°. 
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One difficulty in controlling carbon nanotube lengths is a lack of macroscopic 
characterization methods. Altough the length of a single carbon nanotube can be easily 
resolved with atomic force and transmission electron microscopies (AFM and TEM), 
characterizing the length distribution of an entire sample requires a statistical analysis of 
many nanotubes. Statistically meaningful results require the acquisition of many 
microscopic images and subsequent analysis to identify and count nanotubes of a 
particular length101. These methods are therefore costly, both in instrumentation and time. 
In addition, deposition of the sample onto a substrate (usually from surfactant-aided 
suspension) is usually required, followed by a washing procedure to remove residual 
surfactant. Sampling errors may occur if the resulting population of nanotubes does not 
represent that in suspension. Some progress has been made in improving microscopic 
length characterization, in particular the development of commercialized software 
routines for automated analysis of AFM images102. The collection of data becomes the 
limiting process as images are generated through raster scanning. Faster methods are 
therefore needed. 
Optical techniques offer an alternative way of analyzing the length of nanotubes 
directly in suspension. The sizes of polymers have long been characterized through light 
scattering methods 103. The large aspect ratios of SWCNT are comparable to many 
organic polymers, so this approach seems quite reasonable. Both dynamic light scattering 
(DLS) 104,105 and static light scattering106 techniques have been applied to single walled 
carbon nanotube samples, although with very limited success. One report was unable to 
independently verify the size results from DLS measurements105, while another similar 
measurement found disagreement in average length in excess of 1000 nm between DLS 
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and AFM104. Light scattering theory requires an accurate knowledge of real and 
imaginary polarizability tensors of the particles under study, which are not well 
characterized for SWCNT107. In addition, all particles with polarizability different from 
the solvent will scatter light, so extremely pure samples are needed. Unfortunately carbon 
nanotube samples are rarely pure, complicating the use of light scattering theory. 
Distinguishing the relative contributions of impurities, surfactant, nanotube bundles, and 
single nanotubes of various dielectric properties is a formidable task. Despite this great 
challenge, light scattering has been used for rheological studies of nanotubes where 
macroscopic solution properties rather than the individual elements are of interest108'109. 
While light scattering techniques (as used in size characterization methods) 
depend on coherent properties of the scattered light, the absorption and emission of 
photons by a material are tied to resonances in the imaginary polarizability, and 
coherence is generally unimportant. Photoluminescence, for example, depends much 
more sensitively on the energy of the absorbing and emitted photons compared to non-
resonant scattering (resonant scattering is often difficult to analyze due to luminescence 
contributions). The lack of coherence greatly simplifies analysis the PL of an ensemble of 
particles since phase information is unnecessary. In addition, the importance of resonance 
conditions can add spectral information that distinguishes the different types of particles 
in the sample. Despite the advantages of photoluminescence, it has rarely been used as a 
size characterization method for anisotropic particles. The luminescence analog of DLS 
known as fluorescence correlation spectroscopy (FCS) has been successfully 
demonstrated to yield length information for very short semiconductor nanorods n 0 . 
Unfortunately FCS methods requires the particles with high emissive quantum yields and 
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extremely sensitive and fast instrumentation to collect fluorescence. This represents a 
significant technical challenge for SWCNT due to their relatively low quantum yield 
(~102) and the high thermal noise of near-IR detectors. 
A third class of methods exists that have yet to be extended to SWCNT. If a well-
defined force is applied to a system of anisotropic particles their average orientation can 
be predicted using an appropriate theory for force and particle size. The alignment of the 
particle ensemble modifies the macroscopic polarizability anisotropy of the medium, 
which manifests as a change in the polarization dependent optical properties, such as 
birefringence and dichroism. This was realized and used as early as the 1940's for 
characterizing the size of anisotropic particles. By applying an electric field to solutions 
of Tobacco Mosiac Virus and observing the time-dependent birefringence the size of the 
rigid rod structure was determined to be 300 nm1". Variations of that method have been 
developed in great detail based on electric fields112"115 and more recently mechanical 
alignment116. Though size information has not been obtained, observation of dichroism 
and birefringence of oriented samples of SWCNT has given information on nanotube 
polarizability117"120. 
The primary dipole-allowed optical transitions (Em u. =l,2,3,etc.) of SWCNT are 
highly aligned along the nanotube axis as discussed earlier. The orientation of a nanotube 
is then expected to be an important factor controlling its absorption and emission of 
linearly polarized light. The large optical anisotropy of SWCNT has proven valuable for 
studying the orientation of single nanotubes121 as well as the alignment of ensembles of 
nanotubes 122"126. The relative ease of measuring nanotube orientation through absorption, 
photoluminescence, and Raman scattering suggests that an orientation-based 
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characterization method could be valuable for determining the size of SWCNT. Most 
alignment methods in the past have used electric fields, although this is complicated by 
the polydispersity of SWCNT electrical properties and the intrinsic conductivity of 
typical aqueous samples. This work will explore the use of a mechanical shear field, 
where the dynamics are primary determined by particle geometry. 
The remainder of this chapter will detail instrumentation and methods for 
determining the length distribution of SWCNT samples by optical detection of nanotube 
alignment induced by mechanical shear fields. The shear produced by a flowing fluid 
yields a relatively simple mean of inducing alignment in a sample of carbon nanotubes. 
The results of the method are comparable to that obtained by AFM yet require 
significantly less time. In addition it will be shown that spectral analysis of 
photoluminescence yields length information for (n,m) specific structures, which has 
previously been unattainable. The results also suggest that typical nanotube sample 
processes (sonication and centrifugation) may alter the length distribution of various 
SWCNT types differently. Finally some limitations of the method and ways for 
overcoming them will be described. 
Theory of the optical response of carbon nanotubes in a shear flow 
The problem that must be solved is to describe the macroscopic optical response 
of a sample of carbon nanotubes of arbitrary orientation. The macroscopic optical 
response refers to changes in the experimentally observed absorption or 
photoluminescence of linearly polarized light. As will be shown, the observable 
quantities are closely tied to average projections on to the laboratory coordinate system. 
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These projections can be found through analysis of the classical motion of a rod-like 
object rotating in a fluid, providing a simple model for the nanotube and its environment. 
In the dilute regime, the interactions among rods can be ignored, which is valid for the 
condition C < - - where C is the number concentration of nanotubes and < L > is 
< L >3 
their average length127. The behavior of the ensemble can then be treated as an average of 
the individual elements. 
Within the dipole approximation, the power absorbed from the transition between 
two stationary electronic states of a system from a weak electromagnetic perturbation is 
Pabs=hvIBn ^'E2 (2.1) 
where Bn is the Einstein coefficient of absorption between states 1 and 2,1 is the incident 
electromagnetic intensity, and p.n and E are unit vectors of the transition moment and 
electric field respectively. Defining &abs as the angle between the transition moment and 
the electric field gives the simple geometric relation: 
Pabs=hvPBncos2 eabs (2.2) 
The steady state radiant power of the excited system observed at an angle @em with the 
radiative transition moment is: 
Pem=Pah^PL^2 &em (2-3) 
where the photoluminescence quantum yield OPL accounts for possible non-radiative 
relaxation. The alignment of the particle will modify the angles ®abs and 0 ^ depending 
on the orientation of the excitation light and how emission is collected/For example, if 
the particle's transition moment is denoted by spherical coordinates of Figure 1 la, 
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excitation by x-polarized light propagating along the y-axis results in emission intensity 
collected along the z-axis 
7Pioc[sin2 6 sin2 (/> ] [ l -cos2 0 ] (2.4) 
The orientation dependent intensities are proportional to products of projections onto the 
Cartesian coordinate system: 
x
2
 - sin2 0 sin2 <f> 
/ = s i n 2 6 cos2 </> (2.5) 
z
2
 = cos2 9 
It is assumed that the orientation of the transition moments within the nanotube 
frame of reference is unmodified by changes in their alignment and that there is no 
reorientation of the transition moments during the excited state lifetime. These are both 
reasonable since a nanotube cannot be expected to significantly bend or rotate on the 
picosecond time scale of the excited state. The two essential changes due to alignment 
are a modification in the rate of absorbed power and the spatial distribution of the 
resulting emitted power. The challenge is to accurately predict the average angles ®abs 
and &em for a given polarizer configuration and mechanical perturbation such as shear 
flow. 
Consider the coordinate system shown in Figure 1 la where the angles 6 and ^ 
describe the orientation of a single nanotube immersed in a fluid flowing in the x-
direction with a linear velocity gradient in the y-direction described by: 
v = yyx (2.6) 
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where y is defined as the shear rate. This simple shear flow can be achieved by placing a 
fluid between two plates and then moving one at a fixed velocity while the other remains 
stationary. 
• y 
Figure 11: Orientational coordinates within the flow system (left) and diffusional 
coordinate (right) used to simulate the rotational dynamics of a rod-like particle. 
The classical trajectories of ellipsoidal particles in shear flow were found analytically by 
Jeffery in 1922 128. The solution consists of a set of coupled time dependent differential 
equations in terms of a spherical coordinate system: 
A- Y 2 2 
R2+\ 
R2-\ 
cos 6 +sin 0 
d6 = —.— sin 6 cos 6 sin <b cos d> dt 
R2+l (2.7) 
The value of R depends slightly on the shape of the ellipsoid, which is 1.35 times the 
aspect ratio ( —) for rods. An inspection of these equations reveals that the long axis of 
d 
the rod will generally align in the x-direction, although there is no stable equilibrium 
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orientation. Depending on the initial orientation of the rod, it will enter a so-called Jeffery 
orbit about the z-axis defined by the constant: 
1 • -
C = — tan<9 i ? 2 c o s <f> + s i n <p 2 
R
 (2.8) 
Considering the microscopic length scale of carbon nanotubes, diffusion would be 
expected to play an important role in their rotational dynamics as well. In fact, their 
diffusive behavior in translation and rotation motion has been confirmed using optical 
microscopy 129' 13°. The most common treatment of stochastic processes such as diffusion 
involves solving the general Fokker-Planck equation for the probability distribution of 
some useful physical quantities. For orientation of rods in a shear flow this amounts to 
solving the so-called Smoluchowski equation for the orientation distribution function 
f(4>Mm-
df 9,<j>,t 1 d 
dt sin 9 d6 
df 9,d>,t 
Drsin 9 -———/sin3 9 cos <j> f 9,<j>,t 
30 
Dr df2 0,<!>,t 
sin2 6 d<j>2
 ( Z 9 ) 
where Dr is the rotational diffusion constant. The Stokes-Einstein rotational diffusional 
constant is: 
3k„T In Lid -0.8 
D =—-
7v
n
L
 (2.10) 
where T is the temperature, L and d are the rod length and diameter and rj is the 
absolute viscosity of the fluid. This partial differential equation has no analytical 
solution127'B1 and so it is necessary to resort to approximations. Unfortunately the 
techniques of approximation apply only in the limiting cases where either shear or 
diffusion dominates the dynamics and the other can be treated as a weak perturbation132' 
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133
. The relative importance of shear and diffusion can be conveniently quantified with 
the rotary Peclet number : 
D
* (2.11) 
The approximations are generally only valid for Pe < 1 (diffusive limit) and Pe > 1000 
(classical limit). The lengths of carbon nanotubes will vary substantially so the L" 
dependence in Dr will span a wide range of Peclet number in the intermediate region. The 
approach taken here is to simulate the orientation of the rod by treating alignment and 
diffusion separately and computing the rod trajectories in a step-wise process. Jeffery's 
equations give the shear induced differential orientation angles, so all that is necessary is 
to find an adequate description of the diffusional related steps. These are obtained from a 
two-dimensional random walk on a unit sphere in terms of the Stokes-Einstein rotational 
diffusion constant: 
d\j/ = 2^D4t (2.12) 
where dy/ is the angle relative to the rod axis. The angle dyj traces a circle normal to the 
rod axis as depicted in Figure lib. The diffusive behavior is captured by choosing a 
random point on the circle. This differential can also be found from the shear-free 
solution to the Smoluchowski equation. The differentials in terms of the lab coordinate 
19Q 
system are then given by : 
dd> = csc6sm dw sin rand 
r -, (2-13) 
d0 = -sin dyr I cos <j> sin rand +cos rand cos 6 sin <f> J sin sin 9 sin <f> 
where rand is a random number between 0 and 2n representing a point on the red circle. 
By choosing a starting orientation (0 and (p) and time step {df) the orientation trajectory 
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can be computed iteratively for a rod of specified size (L and d) and flow conditions (r\ 
and y) by successive application of the calculated differentials. Taking averages of 
functions of Oft) and <p(t) yields values related to the measurable values described by 
equations (2.2)-(2.3). These iterative computations were implemented in a Pascal 
program. The program is straightforward, although note because of the large number of 
iterations, storage of the full numerical functions is impractical. The program instead 
calculates the relevant time-dependent averages in memory and writes these values to 
disk at predefined intervals. The choice of time step should be sufficiently small and the 
number of interactions large to ensure that the averages converge. Figure 12 illustrates 
the time-averaged projections of some of these simulations for nanotubes of L=500 nm 
{dP=\ \is) and L=1000 nm (dt=l us) in the absence of flow. These projections are 
important because they allow the calculation of the orientation-dependent optical 
observables. They also allow use of the property of a vector on the unit sphere: 
x
2+y2+z2=l (2.14) 
Furthermore if the vector is randomly distributed, as for the case of no alignment: 
x
2
=y2=z2 = X- (2.15) 
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Figure 12: Average mean square projections onto Cartesian coordinate system for 
500 nm (a) and 1000 nm (b) length rods in the absence of shear flow. 
As shown in Figure 12 the average projections clearly converge to this value as expected. 
Convergence within 1% requires many millions of iterations but is achievable on a 
desktop computer within a few minutes. If these two same lengths of nanotubes are 
simulated in a shear flow (y = 100 s"1) dramatically different behavior is observed as seen 
in Figure 13. 
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Figure 13: Average mean square projections onto Cartesian coordinate system for 
500 nm (a) and 1000 nm (b) length rods in a simple shear flow of 100 s"1. 
While all three projections for the 500 nm length nanotube converge to 1/3 as 
before, the projections of the 1000 nm length converge to new values. The average x 
projection has increased while y and z have decreased (note that the sum is still equal to 1 
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due to geometric constraints ). The difference is due to the presence of the shear gradient, 
which opposes the effect of diffusion allowing a preferential orientation along the flow 
axis (x-axis). The reductions of the y and z projections are not equal since the force from 
the shear is greatest parallel to the gradient (y-axis). Depending on the magnitude of the 
shear and length of the rod, each function converges to a different value. 
The degree of alignment for anisotropic particles is often characterized using the 
uniaxial order parameter given by134: 
S = - 3(cos2 <p ) - l (2,1.6) 
where <p refers to the angle between the particle long axis and the alignment direction. In 
this coordinate system this is: 
S = - 3(sin2 0 sin2 </>)-\ 
2
 (2.17) 
S = l(3(x2)-1) 
The order parameter is a simple way to quantify the alignment of the system since S = 0 
for the randomly oriented particle and S = 1 for complete alignment. In Figure 14a, the 
order parameter is calculated using the simulation procedure for a wide range of lengths 
(300-3100 nm) and shear conditions (0-350 s1). 
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Figure 14: (a) Shear dependent simulated order parameters for rods of length from 
300-3100 nm. (b) Simulated order parameter dependence on Peclet number. The 
predicted scaling law is shown in red. 
These results demonstrate the strong dependence of the nanotube orientation on length. 
Long rods show significant alignment under very mild shear rates, while short particles 
appear to show no order at all. The simulated data can be mapped to the Peclet number 
shown in Figure 14b allowing comparison with the weak diffusion approximation. For 
large Pe>1000, the order parameter is expected to scale as S oc Pe^ , which agrees 
reasonably well with the simulations . The results discussed in this work rarely involve 
Pe >1000 underlining the inadequacy of approximations for quantitative analysis of 
nanotube samples. 
As mentioned earlier, in the dilute regime interactions can be ignored meaning the 
properties of a macroscopic sample can described as an average of all of its elements. The 
quantities of interest are ensemble photoluminescence intensities with shear induced 
alignment, Iensembie(y), described by: 
I'.r 
/ v =JSL 
ensemble i 
(2.18) 
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where I„(y) is the shear dependent intensity due to the «th nanotube in the observation 
volume V. The exact form of I„(y)is determined by experimental configuration. The 
calculation of the ensemble intensity cannot be performed using this equation since there 
is no a priori knowledge of the elements. However since length is expected to be the 
primary factor influencing the alignment process (and therefore the individual 
intensities), all nanotubes of length L can be grouped together and integrated: 
4 — 7 =C\/(L)I y,L dL (2.19) 
L 
N 
where f(L) gives the distribution of rods that are of length L and C = — is the 
concentration. The assumption is made that all nanotubes of a given length exhibit the 
same amount of average alignment, which is reasonable due to the weak diameter 
dependence of the dynamic equations used and the small dispersion in nanotube 
diameters in these studies (0.8 - 1 nm). The functions I y,L are approximated 
numerically so the integral must be cast as a finite sum of the form: 
U , 7, =cYufLilLl,7j (2.20) 
The experimentally observable intensities are then simply a weighted sum of the 
simulated functions I y,L allowing / L to be determined from the resulting set of 
linear equations. 
47 
Instrumentation for measuring SWCNT photoluminescence anisotropy 
The generation of simple shear flow for particle orientation can be experimentally 
realized in a number of geometric configurations. Two of the most common methods are 
rotation of concentric cylinders (a Couette cell) and parallel discs as shown in Figure 15. 
Figure 15: Couette cell (left) and disc cell (right) used for generating simple shear 
flow. The optical path for measuring anisotropy is shown in red. 
The Couette cell is often used for birefringence and absorption measurements since a 
larger path length can be achieved135. The disadvantage of these concentric cylinders is 
that the gap between them cannot be modified, limiting the dynamic range of shear 
values that be obtained. Photoluminescence spectroscopy can be performed on extremely 
small volumes, therefore the parallel disc configuration is a more versatile setup. The 
CSS450 (Linkam Scientific) shear cell used in these studies consists of two quartz 
windows with stepper motor controlled gap spacing dgap( 2-2500 urn). The top window is 
fixed while the bottom window rotates via a stepper motor at a angular rate a> up to 10 
rad/s. The fluid velocity v is zero at the top plate and v-rco at the bottom plate giving 
the shear gradient as: 
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Y = . 
rco (2.21) 
where r is radial position on the disc. The liquid sample loaded into the cell is excited by 
a 655 nm diode laser (rated@45 mW) at the radial position r = 7.2 mm as shown in 
Figure 16. 
stationary disk 
optical fiber 
to InGaAs 
spectrograph V flow 
* gradient 
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flow 
direction 
X/2 short-pass 
wave plate Alter 
Figure 16: Instrumentation for measuring PL anisotropy of SWCNT in shear flows. 
The laser polarization is purified using a Glan polarizer and oriented with a zero-
order half-wave retardation plate. The beam is also filtered with KG3 Schott glass to 
remove problematic near-IR laser radiation. A small sample area is studied by focusing 
with a 30 mm f.l. lens resulting in an estimated spot size of 50 urn. The shear radial 
dependence can be ignored within this small spot. Sample photoluminescence is collected 
on the opposite side of the cell using a 12 mm f.l. lens and imaged onto an optical fiber 
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for delivery to an InGaAs photodiode array-spectrograph system (CVI). An RG830 
Schott glass filter is used to remove stray laser light from the entering the fiber. In some 
experiments, a near-IR polarizer was inserted between the glass filter and the optical 
fiber. Using this experimental setup the sample near-IR photoluminescence spectrum can 
be measured as a function of shear rate. 
The experimental procedure consists of loading approximately 1 mL of the 
sample into the shear cell and setting the desired gap size (typically < 500 um). An 
electronically controlled shutter between the laser and sample is opened and the 
photoluminescence spectrum integrated and averaged for a predetermined interval 
(typically 10 s). Rotation is turned on for the lower disc to generate the desired shear rate 
and the spectrum reintegrated and averaged after waiting a few seconds for equilibrium to 
be established. A custom National Instruments LabView program iteratively changes the 
rotation rate and collects new spectra resulting in automated data collection. The data are 
displayed in real-time to allow problems to be detected quickly and also saved for later 
analysis performed in Matlab. 
Verifying role of alignment in shear dependent photoluminescence spectra 
The sample discussed in this work was prepared using previously developed 
procedures42. HiPco SWCNT (batches HPR166.12 or HPR161.1) were dispersed in 1% 
wt. sodium dodecylbenzene sulfonate (SDBS) by a combination of bath sonication and 
tip ultrasonication. The samples are then ultracentrifuged and the top 80% of the 
supernatant carefully removed by pipette to avoid contamination from unsuspended 
nanotube aggregates in the bottom of the centrifuge tube. 
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In Figure 17a the PL spectra of a sample are shown without shear flow (black 
spectrum) and with a shear rate of 333 s"1 for two different excitation polarization 
conditions. The blue spectrum corresponds to excitation polarized along the flow 
direction (x-axis in Figure 16). In this case the PL intensity has increased by a factor of 
~2, while perpendicular z-axis excitation reduces the intensity by -10% (red spectrum). 
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Figure 17: (a) PL emission spectrum of SWCNT without shear (black trace) and 
with applied shear flow for parallel (blue) and perpendicular (ref) excitation 
polarization, (b) Integrated PL spectra measured for increasing large shear. 
By integrating the spectrum at each shear value, a shear profile can be generated 
by plotting the shear-dependent intensity normalized to the zero-shear intensity. A shear 
profile is shown in Figure 17b. Normalization conveniently allows comparison of 
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samples that exibit different isotropic (zero-shear) PL signals. The reverse behavior 
measured for the two different polarizer configurations is easily explained by the 
increased (reduced) probability for absorption of x(z) polarized light when the nanotubes 
are aligned along the flow axis. The difference in magnitude of the effect is the result of 
an increase in emission collection efficiency for both x and z orientations due to 
alignment within the x-z plane. The reduction expected for z-polarized excitation is 
partially canceled due to enhanced emission collection. 
Further evidence for shear induced photoluminescence anisotropy can be seen by 
measuring the shear profile using different gap settings as shown in Figure 18. 
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Figure 18: SWCNT PL anisotropy measured with different plate spacing gaps. 
The shear profiles measured for these four disc gap distances are nearly identical 
despite being measured at different rotational rates and normalized by different constants 
(PL increases with, which is proportional to the gap). This directly indicates that the shear 
gradient is the cause of the PL changes rather than a rotation dependent flux of nanotubes 
through the excitation volume. The outlier points in the blue curve are extremely 
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reproducible and likely a mechanical resonance at the small gap size. Other experiments 
with very small gaps revealed similar behavior at specific rotation frequencies. 
Photobleaching or anisotropy saturation could potentially occur if excessively 
high excitation power is used. The optical linearity in our experiments is verified by 
measuring the shear profiles using a set of neutral density filters to attenuate the laser. 
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Figure 19: SWCNT PL anisotropy measured at four laser excitation powers. 
As seen in Figure 19, reducing the excitation power has virtually no effect on the shear 
profile. If the photoluminescence anisotropy were saturated (due to reduced 
photoselection) or photobleaching were present, then the reduction of excitation 
efficiency would reduce the initial slope of the shear profile. 
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Figure 20: SWCNT PL anisotropy for four different relative concentrations. Sample 
dilution did not change surfactant concentrations. 
Finally it should be verified that the concentrations used fall within the dilute 
regime. 
In Figure 20, the shear profiles are displayed for a sample with optical density of 0.8/cm 
and three subsequent dilutions. There is a small increase in anisotropy after the first 
dilution, although further dilutions yield no changes. Excluded volume effects would be 
expected for high concentrations, resulting in higher optical anisotropy for any given 
shear rate 131. However dilution has produced the opposite result suggesting that particle 
interactions can still be ignored. Samples used in the remaining studies in this thesis had 
optical densities 0.5/cm or lower at the excitation wavelength. 
Comparison of length distributions from AFM and photoluminescence anisotropy 
As previously mentioned, the experimentally observable intensities can be 
described by averaging all of the contributions from the individual SWCNTs resulting in 
the following expression: 
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' — Yj = C 2- ' / L> I -A.r/ (2-22) 
where the length distribution / Z; is obtained by a linear least-squares linear fitting 
process using MATLAB with forced non-negative constraints. The functions / Ln/j 
are numerically simulated and depend on the presence and orientation of polarizers.^  From 
eq. 1.3, the case of x-polarized (parallel to flow) excitation and emission collection along 
y gives: 
lLt,Yj ={CJ,X* ^ 2 + Z „ 2 OPL) (2.23) 
where o; is the absorption cross section (per nanotube), OPL is the photoluminescence 
quantum yield, and X and Z are the simulated projections onto their respective axis. The 
function / LnY, has been normalized to the isotropic intensity at zero shear to remove 
any length and shear independent factors such as excitation power or collection 
efficiency. The assumption has been made that the PL quantum yield is independent of 
length. There is some controversy about how accurate this is for short nanotubes, as it has 
been argued that the fractured ends are strong excitation quenchers81. If excitons are 
assumed to diffuse over a range of 90 nm79, then short nanotubes would be essentially 
dark. However another study of length separated S WCNT detected PL from nanotubes as 
short as 10 nm87. If the nanotube is treated as linear chain of non-interacting 
chromophores, the absorption cross-section is proportional to length. Recent 
measurements on single nanotubes have found that the PL intensity is proportion to 
length in the range of 300 nm to 5 (j.m supporting these assumptions136. As will be shown, 
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this model reproduces average length values from AFM, a non-optical method, giving 
further validation. 
The black squares in Figure 21a show the spectrally integrated photoluminescence 
for a typical surfactant-suspended SWCNT sample. Fitting this data set with the 
appropriate set of simulated basis functions yields the length distribution in Figure 21b. 
The bars represent bins of 200 nm with the wide bar at 500 nm accounting for nanotubes 
shorter than 550 nm that could not be resolved in these measurements. The length 
distribution obtained from AFM analysis of 149 nanotubes is shown for comparison 
(Appendix A). The average lengths from these histograms represent a simple figure of 
merit to check agreement. The 430 nm average length from the optical measurements 
significantly underestimates the 780 nm average length from AFM. The origin of this 
discrepancy is mainly non-zero absorption cross-sections for light polarized 
perpendicular to the nanotube axis, which was ignored. This depolarization effect can 
reflect the intrinsic cross-polarized excited states of isolated SWCNT54'56 or extrinsic 
"71 T\ 1 *^7 
processes such as energy transfer among nearby or bundled nanotubes ' ' 
Depolarization artifacts are expected to be greatest when SWCNTs are excited off-
resonance, but should be minimal for those (n,m) structures that have E22 transitions 
nearly resonant with the excitation laser and give the strongest near-IR emission features. 
Analysis of the shear profile measured only from the strongest spectral peak at 1120 nm 
is shown in the bottom frame of Figure 21. Note that the average length from this 
analysis is 750 nm, in very good agreement with the AFM value (the standard deviation 
for average length determinations with this method is typically better than 50 nm). As a 
further check of consistency between the LASAPA and AFM results, the AFM length 
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distribution can be used asffL^ to simulate an experimental shear profile. The solid blue 
curve in Figure 21a shows this parameter-free simulation, which agrees extremely well 
with the resonantly excited shear profile data. 
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Figure 21: (a) Shear profile data measured for spectrally integrated (black squares) 
and 1120 nm (red circles) emission, (b) length histograms and average lengths for 
AFM image analysis of 149 nanotubes and using the fitted integrated or peak PL 
anisotropy in (a). The blue trace in (a) is the shear profile predicted from the AFM 
data. 
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Chirality resolved length distributions from photoluminescence spectral analysis 
As the entire PL spectrum of the sample is measured simultaneously, one can find 
separate length distributions for specific (n,m) structures. Using PL intensities at the four 
prominent emission peaks labeled in Figure 22a, one obtains the shear profiles shown in 
Figure 22b. Although these peaks contain minor amplitude components from other (n,m) 
species, they are dominated by the indicated structures, which are excited near resonance 
by the 655 nm laser. These SWCNTs vary in diameter from 0.782 nm (8,3) to 0.976 nm 
(9,5) and in chiral angle from 15.3° (8,3) to 27.46° (7,6). Although it is difficult to 
uncover trends in chiral angle and diameter based on only four SWCNT types, the data in 
Figure 22c suggest that the larger diameter nanotubes in these samples are longer. 
Despite a diameter difference of less than 0.2 nm, the (8,3) nanotubes in this sample have 
an average length only half that of the (9,5) nanotubes (-750 vs. ~1500 nm). Such 
diameter-dependent length distributions would be very difficult to discern by AFM. 
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Figure 22: (a) Emission spectrum showing four (n,m) prominent peaks that were 
measured to give the shear profiles shown in (b). The length histograms in (c) were 
fit from shear profiles as described in text. 
Structure dependent modification of length distributions from sonication and 
centrifugation 
It is generally accepted that sonication of S WCNT breaks individual nanotubes into 
shorter segments. The significant difference measured in average length between 
nanotube types suggests that this process depends on structure. To test the ability of the 
new method to reveal changes in length distributions from sample processing, portions of 
the stock sample were exposed to 5,10 or 30 minutes of additional tip sonication at ~50 
times greater power density than used for initial dispersion. Shear profiles and 
corresponding length distributions for the small diameter (8,3) and large diameter (9,5) 
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SWCNTs are shown in Figure 23. Increased sonication time results in lower abundances 
of long SWCNTs. In addition, it can be seen that the (8,3) nanotubes show a shorter 
average length than the (9,5) nanotubes at all sonication durations and do not show the 
limiting behavior apparent for (9,5). This difference might be explained by reports that 
SWCNT sonication breakage can be described using polymer scission theory27'138. In this 
view, the collapse of microscopic bubbles generated by cavitation produces a local and 
rapid flow (Figure 24). Since the fluid velocity is non-uniform, a gradient in the viscous 
drag force exist* along the nanotube axis. At the nanotube center a length dependent net 
force exists for strain rate e. 
F = -x?jsL2 
2 (2.24) 
that exerts high tensile stress along the nanotube axis. The nanotube breaks at the center 
if the stress exceeds the tensile strength. This may explain why the substantially longer 
(9,5) experiences a larger change in average length during the first sonication step. The 
nanotube cross-section increases with diameter as 
A = n dw-w2 
(2.25) 
where w is the nanotube wall thickness. The force necessary to break a nanotube into 
two equal fragments would be proportional to diameter, leading to a prediction of greater 
fracture probability for smaller diameter species. 
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Figure 23: Shear profiles measured (a,b) for the (8,3) and (9,5) structures with 0-30 
minutes of additional sonication. Length distributions in (c,d) were obtained from 
fitting of the shear profiles. 
Another effect to consider is the aggregation of SWCNT. Although most bundles 
are unlikely to emit because of the presence of metallic nanotubes, some small bundles 
may luminescence and contribute to the data. The bundle content may be significant 
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because of the relatively weak centrifugation used in the initial sample preparation. Some 
small bundles will contain staggered nanotubes and have lengths greater than their 
isolated components. If sections of these bundled SWCNTs emit, their lengths could be 
overestimated in these measurements. Another bundle-related process, energy transfer 
between SWCNT, could lead to diameter dependent PL effects. The downhill migration 
of energy within a bundle of semiconducting nanotubes would result in quenching of 
small diameter (large band gap) nanotubes and enhanced PL from large diameter 
species71'73'137. Such bundles with long hydrodynamic lengths would then be interpreted 
as large diameter SWCNTs in the spectrally resolved measurements. It appears, however, 
that the effects described above are in fact minor because the AFM data for the sample 
shown in Figure 21 gave an average length decrease of only 15% when possible bundles 
(comprising half of the measured features) were excluded. It is therefore likely that the 
strong variation of average length with diameter seen in Figure 22 mainly reflects the 
actual distribution of single-nanotube lengths in the sample. 
Figure 24: The collapse of a microscopic gas bubble from the dashed to solid line 
generates a strong radial flow velocity proportional to r"3. The drag of the nonlinear 
flow puts a maximum stress at the center of the nanotube resulting in fracture above 
a critical force. 
62 
Centrifugation has been demonstrated as a possible method for length separation 
so it is likely that this could be observed in these measurements. The stock sample was 
centrifuged at 8500 xg for an additional 5 and 10 min. In general, the average length 
decreased with increasing centrifugation time for all (n,m) species in the decanted 
fraction (Figure 25). This is to be expected since the centrifugal force is proportion to the 
mass (and therefore length). It is found that the length distribution deduced for smaller 
diameter SWCNTs was somewhat sensitive to centrifugation, while SWCNTs of larger 
diameter became substantially shorter. The average (9,5) length remained longer than that 
of (8,3) at all centrifugation times but the relative difference between them decreased. As 
shown in Figure 26, these trends continued when the sample was extensively 
ultracentrifuged (4 hours at -120,000 xg). The diameter dependence of average length 
was much weaker in the strongly centrifuged sample, which showed a relative (Z) 
variation of only 27% compared to 63% with weak centrifugation. Excluding the role of 
the surfactant layer, this minor difference may be the result of the lower density of large 
diameter SWCNT. 
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Figure 25: Shear profiles measured (a,b) for the (8,3) and (9,5) structures with up to 
10 minutes of additional centrifugation at 8500g. Length distributions in (c,d) were 
obtained from fitting of the shear profiles. 
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Figure 26: (a) Shear profiles and (b) fitted distributions for SWCNT sample exposed 
to 120,000g for an extended period. 
Improving minimum length resolution with high viscosity 
The results presented in the previous sections demonstrate the potential of shear-
induced photoluminescence anisotropy to determine length distributions of specific (n,m) 
structures. The method is not without a few limitations that must be overcome to utilize 
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its full potential. Most notable is the minimum length of 500 nm that can be resolved with 
typical aqueous suspensions. The minimum resolution is the result of an insufficient 
alignment force to overcome diffusional effects on alignment, which is primarily 
determined by the diffusional constant, Dr. If the shear does not produce a sufficient 
amount of alignment, then no PL anisotropy can be measured. As can be seen in Figure 
27a, the functions / L, Yj for nanotubes of short length (100-600nm) are non-unique 
constants and the corresponding length distribution weights give no information from the 
fitting process. 
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Figure 27: Basis functions for nanotubes of length 100-550 nm in (a) water (0.9 cp) 
and (b) in ~80% glycerol solution (55.4 cp). The viscosity is given in centipoises 
equivalent to mPa*s. 
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For water with an absolute viscosity of 0.9 cp, lengths below ~550 nm appear as 
unresolved constants (within the - 1 % simulation noise). A sufficiently large shear would 
align many of these short nanotubes, however the generation of stable shear flows 
capable of such alignment cannot be achieved in the current instrumentation. A simpler 
way to improve resolution is to decrease the rotational diffusion constant by increasing 
the solvent viscosity. Compare the same simulated basis in Figure 27b obtained for a 55.4 
cp sample with that of 0.9 cp viscosity. 
Such large viscosities can be achieved with the addition of highly water soluble alcohols 
like glycerol or sorbitol. The effect of a viscosity increase is evident by a significant 
increase in PL anisotropy in Figure 28a where shear profiles are shown for a SWCNT-
surfactant dispersion before and after mixing in 80 wt.% glycerol increasing the viscosity 
by-50 times139. 
Fitting the shear profiles with the appropriate basis sets gives the length 
histograms in Figure 28b. The histograms agree both in average length (220 nm versus 
210 nm) and distribution (87% of the low viscosity sample is unresolvable under 550 nm, 
compared to 78% resolved below 550 nm at high viscosity). The minimum length 
obtainable with high viscosity samples is improved to about 150 nm. 
67 
100 200 
Shear (s"1) 
300 
0) 0.4 -
O 
| 0.2 
c 
io.o 
0) 
> 0-4 
m 
,$0.2 
0.0 
• 
water b 
<L> = 220 nm 
80% glycerol 
210 nm 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Length (urn) 
Figure 28: (a) Shear profiles measured for (8,3) emission in water (black squares) 
and in 80 wt % glycerol (red circles). The sample here was extensively sonicated for 
30 minutes to reduce the average length. 
Corrections for cross-polarized absorption using a double polarizer configuration 
The theory of orientation dependent PL from a single nanotube described earlier 
was based upon a few approximations that simplify the problem of extracting length 
information from shear profiles. One of these approximations is that the transition 
moments for absorption and emission are completely parallel to the nanotube axis. 
Theoretical models56 have predicted weak transition moments polarized perpendicular to 
the nanotube axis and PL excitation experiments have detected these cross-polarized 
transitions54'55. While these transitions are very weak, they represent a possible 
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inaccuracy in the LASAPA model that should be checked and corrected if necessary. A 
common method of detecting the relative orientation of two transition moments is by 
using polarized excitation and then analyzing emission with a second polarizer140. Four 
spectra can then be obtained, two with the polarizer axes parallel and two perpendicular 
to one another. The PL observed from the sample is then dependent on the orientation of 
these polarizers and sample orientation induced by the shear flow. These four functions 
for pure parallel transitions along nanotube axis are: 
lxx 
/„(M) = ([^][Z>]) 
/Z2(r.i)=([z2][z!]> 
where [X2] and [Z2] are squared projections of the nanotube orientation vector onto the 
respective axis. The middle two functions Ixz and Izx are equal, so if cross-polarized 
excitations are ignored there are only three unique experimental shear profiles. Figure 29 
represents a typical set of shear profiles for these four polarizer configurations. 
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Figure 29: Shear profiles for the four different polarizer configuarations. The two 
letters represent the excitation and emission polarizer axis respectively. 
Evidently the cross-polarized transitions represent measureable contributions to 
the PL signal since the XZ and ZX curves show divergent behavior. This is consistently 
observed in all samples and does not correspond to polarizer misalignment. The functions 
are then corrected by mixing in a fraction of the corresponding perpendicular function 
given by: 
i„(ytL) = ([i-p x2+pz2][x2]) 
/ ^ I ) = ([l-/?X2+/?Z2][z2]) 
izx(r,L) = ([\-p z2+px2][x2]) • 
Izz(y,L) = ([l-/3 Z2+/3X2][z2]) 
(2.27) 
where p is the fraction of cross-polarized excitation. Rather than run an extremely time 
consuming set of simulations covering all possible p values, simple functions can be 
simulated once and then mixed afterwards due to the relationship: 
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/^(r,x)=([i-/? x2+pz2][x2]) 
= ( 1-J3 XA+PZ2X2) 
= i-p(x*)+p(z2x2) (2.28) 
Since all four functions from (2.27) describe a single length distribution, they may be fit 
simultaneously by adjoining the data set vectors and basis function matrices into a larger 
linear system of equations. The parameter p must be adjusted until a reasonable fit for all 
four data sets can be found. The importance of this parameter to fitting is shown in Figure 
30, where only a unique p value of 0.2 optimizes the agreement between the data and the 
model. 
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Figure 30: Residuals of the linear fitting of all four polarizer data sets as a function 
of the parameter p. 
A notable difference is observed in the length distribution deduced from the corrected 
four data sets compared with that of the single uncorrected single-polarizer measurement. 
The cross-polarized correction yields a larger average length as can be seen in Figure 31. 
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This observation suggests that at least some variations in average length seen with 
the LASAPA method might be due to differences among cross-polarized contributions 
for each nanotube type. If the correction procedure is repeated for each of the dominant 
SWCNT emission features, an increasing correction factor is found as the diameter 
increases, as shown in Table 1. These fitted factors agree very well with direct PL 
anisotropy measurements on this sample also given in Table 1 (Appendix B). Therefore 
the inclusion of cross-polarized excitation appears to enhance the correlation between 
average length and diameter. 
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Figure 31: Shear profiles for (a) single excitation polarizer and (b) excitation and 
emission polarizers. The length distribution obtained from the single polarizer (c) is 
uncorrected and the two polarizer distribution fit (d) is corrected with p =0.2. 
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In this test case, the correction was quite significant modifying the average length 
by a factor of two. However, it should be noted that the magnitude of the correction to 
average length becomes weaker as the average length increases. The simple reason is that 
for any given shear value the relative contribution of the <Z2X2> factor in (2.28) 
decreases as the length increases. The effect is not very large for the data discussed in 
previous sections where the average length was above 500 nm. 
Table 1: Correction factors from shear anisotropy fitting and from PL anisotropy 
measurements described in Appendix C. 
Species P (Measured) P (Fit) 
(8,3) 
(7,5) 
(7,6) 
(9,5) 
0.065 
0.190 
0.210 
0.270 
0.090 
0.170 
0.200 
0.245 
Challenges for the PL anisotropy method 
The optical methods discussed here have potential for both improving routine 
characterization of SWCNT length as well as detecting subtle relationships between 
structure and length. There are a few more challenges that will have to be overcome to 
improve performance. The most notable obstacle is the apparent inability of PL 
anisotropy to smoothly resolve bin sizes smaller than 200 nm. As the spacing between 
basis functions decreases, the least squares fitting results in significant irregularities in 
the fitted function weights. Since there is no physical reason for the length distribution to 
be discontinuous27, this appears to be an artifact of the method. The most likely source of 
these artifacts is numerical noise in the basis functions. If the system of equations is 
solved with a small spacing between the basis functions, their linear independence can 
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become obscured by noise. Two similar functions then become weighted as a result of 
their noise content rather than their contribution to the signal. 
The most obvious solution to this problem is an analytical solution to the shear 
profile basis functions. For a very limited set of lengths and shear conditions this may be 
possible using the approximated scaling law previously mentioned, although the limited 
region where it is accurate excludes application to real polydisperse samples. A practical 
solution is extensive averaging of the computational results to reduce noise. Most of the 
simulated data used in this work were obtained with a 2.6 GHz dual core processor, 
where the computational load was split between cores. The time to generate a basis set 
was approximately 2 days. If the range of lengths, shear conditions and viscosity of the 
samples studied do not change, then only one basis set is necessary. In this case it is 
feasible to run these computations for substantially longer periods or to use a series of 
processors to run parallel simulations and then perform averaging afterwards to reduce 
noise. 
Future Directions 
The PL anisotropy method has much room for expansion. The work reported here 
was performed using a 655 nm diode laser for excitation, but substantially more 
information could be obtained using a variable wavelength excitation source. This could 
be achieved using a number of discrete fixed wavelength lasers, a tunable dye or 
Ti:Saphire laser, or a collimated lamp/monochromator setup. Resonant excitation could 
then be established for each SWCNT type and detailed relationships between structure 
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and length could be obtained with minimal correction for cross-polarized excitation 
contributions. 
PL is not the only anisotropic optical signal from SWCNT, and the methods 
described here are generally applicable to absorption, birefringence and Raman 
scattering. In particular, the comparison of length distributions from resonant Raman and 
PL might be way of determining the effect of the nanotube endcap on excitons. Since PL 
is sensitive to nonradiative decay pathways such as those the endcaps may produce, short 
SWCNT may not contribute detectable PL anisotropy, yet should in principle give a 
resonant Raman signal. Combined PL and Raman measurements might therefore reveal 
the role of the SWCNT ends in their photophysics. 
Although the parallel plate shear apparatus used here is very versatile, it is costly 
and automated processing of multiple samples does not appear feasible. Since this 
method could potentially be used for routine characterization of nanotube samples, it 
would be desirable to reduce the cost and complexity. There are two different alignment 
procedures that might be pursued. One obvious choice is the use of a Couette cell. The 
advantage of Couette flow is that the analysis developed above can be applied directly, 
since the flow profile gives a linear shear gradient along the radius. These cells are 
usually custom made from quartz for complete optical transparency into the ultraviolet. 
However, this is unnecessary for SWCNT since the transitions of interest lie in the visible 
and near-IR. It has been demonstrated that an optical quality Couette cell can be 
fabricated from common plastic inexpensively141. 
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Alignment of SWCNT is also possible by simply pumping the sample through a 
small path length cuvette resulting in Poiseuille flow as illustrated in Figure 32. The flow 
velocity profile is found from Navier-Stokes analysis142 to be 
AP 
v y = 
2/7 V
 H
 J (2.29) 
where a is the distance between walls, AP is the fluid pressure gradient along the x-axis. 
Since the flow is nonlinear the shear rate becomes non-uniform: 
dv AP 
r=-r=—y 
dy V (2.30) 
A complication arises from the non-uniform shear along a single rod. There are no 
analytical relations to describe rotational trajectories so it will necessary to resort to an 
approximation. If the rod length and fluid pressure are sufficiently small, then the change 
in shear along the rod is negligible and its dynamics can be simulated as before. However 
since the shear rate is position dependent, the location of the rod within the sample is 
important for calculating its orientation. As a result, the measurement will become very 
sensitive to the excitation and collection geometries. If the optical depth of field is large 
then the experimental data may be treated as an average over the spatial y-coordinate. As 
an example, consider the dichroism signal, which is proportional to the average order 
parameter: 
Sme AP ccjS.r y,AP dy (2.31) 
o 
The pressure dependent optical anisotropy Save can then be found by integrating the shear 
dependent order parameters as in the previous sections. The integration limits are 
obtained from the appropriate spatial y-coordinate values and fluid pressures. The 
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procedure can be generalized for any useful orientation moment, so it is not limited to 
dichroism. 
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Figure 32: Poiseuille flow between two parallel walls with pressure gradient AP. 
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Chapter III: Electronic energy transfer to single-walled carbon 
nanotubes 
Introduction 
The excitonic character of SWGNT optically excited states is now widely 
accepted by the research community, though the exact nature of the exciton fine structure 
and its importance for the relaxation of photoexcitations is still under investigation. The 
introduction illustrated theoretical splitting of single particle transitions between 
degenerate bands into 16 exciton states of which only one is optically active for single 
photon processes. The experimental data available so far do not paint a clear picture of 
the location or importance of the remaining 15 dark states. PL measurements suggest 
dark states lie anywhere from a few meV143 to ~130 meV62 below the bright state. These 
values are as widely distributed as the theoretical results, although the experimental 
positions generally fall into three different energy ranges. 
The smallest splittings were first inferred from temperature dependent PL, which 
displayed an abrupt decrease below 25 K suggesting the presence of a lower dark state. 
The application of a magnetic field was found to increase the intensity at low 
temperatures and was interpreted as evidence of dark-bright state mixing144. Further PL 
measurements in magnetic fields demonstrated a spectral shift in addition to the intensity 
increase145, which later studies at the single nanotube level were able to resolve as two 
distinct transitions separated by < 5 meV with magnetic field dependent intensities ' 
These results have been interpreted in terms of the Aharonov-Bohm phase shift, which is 
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expected to mix the symmetric and antisymmetric excitonic states with a net transfer of 
oscillator strength to the dark state. 
Other low temperature PL work demonstrates emission satellites at 20-50 meV 
below the bright state. A phonon assisted emission process was considered initially, but 
the only reasonable mode (RBM) did not fit the measured energy. This emission feature 
becomes comparable in intensity to the main band as the temperature is lowered to 50 K, 
but below this both PL features decrease in intensity62'147. These results suggest that yet 
another excitonic state exists more than 50 meV below the bright state. Other groups 
have also measured both this emission band and another feature ~130meV below the 
bright state148'149 supporting this viewpoint. Alternatively, it has been suggested that this 
lowest energy transition may originate from a phonon assisted process involving one of 
the dark states -40 meV above the bright state.150 
It is difficult to reconcile all of the experimental observations with only the four 
spin singlet states that have been the center of attention. The 12 remaining spin triplets 
have been generally ignored in discussion of these experimental results. The primary 
reason for excluding triplet states in analysis is that the intrinsic weak spin-orbit coupling 
in carbon systems implies slow intersystem crossing (ISC). The magnitude of spin-orbit 
coupling in carbon nanotubes has recently been theoretically and experimentally 
investigated, revealing larger coupling than expected in planar carbon systems88'89. The 
high curvature of nanotubes (and other fullerenes) yields electronic wave functions with 
additional angular momentum components that can couple to the spin degrees of 
freedom. If the spin-orbit coupling is enhanced enough due to curvature then ISC should 
be considered a possible relaxation pathway of photoexcitation. For fullerenes, it is well-
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established that Si -> Ti ISC is relatively fast (k~1.5xl09 s"1 for C70)151 and strongly 
dominates internal conversion (IC) and radiative decay. Even if triplet levels are not 
substantially populated by intersystem crossing, charge recombination from electrical 
excitation or dissociated photoexcitations will statistically favor triplet states152. Recent 
theoretical work by Perebeinos and Avouris emphasize the importance of phonon assisted 
disassociation of excitons in SWCNT as a major non-radiative pathway80. 
While the predominant excited state decay (5x10"'' s) observed in transient 
absorption and PL lifetime experiments is quite fast, these time-resolved experiments also 
reveal the presence of long-lived excited states lasting as long as a few nanoseconds ' 
154
. In molecular systems, these signals would usually be related to a triplet state 
population. SWCNT however have a more complex electronic structure near the 
luminescent state so this these findings are ambiguous. In addition, since the electronic 
system is extended, excitations may migrate and ultimately decay into free carriers or 
polarons with their own optical signitures155. Similar to electrical excitation, these 
carriers may later form triplets. 
The excitonic nature of SWCNT excited states is clear evidence of strong 
Coulomb interactions demonstrating that electron correlation and exchange cannot be 
ignored. The detection of the lowest triplet state and the determination of its energetic 
ordering (singlet-triplet splitting) in the electronic structure would directly give the 
exchange interaction. Detailed investigations are needed to study the exciton fine 
structure and its role in the photophysical properties of SWCNT. This is a difficult task 
due to a number of factors. The polydispersity of most nanotube samples results in a high 
density of transitions with similar energies in the optical spectra. Strong spin-allowed 
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fluorescence features allow the primary singlet transitions to be identified for each 
nanotube structure, but the large overlap in the spectra complicates analysis of weaker 
transitions, which is why so little evidence on dark excitons is available. A further 
complication is that the 16 electronic states are expected within a relatively small energy 
window of a few hundred meV around the bright state. 
A more selective means of excitation is needed to distinguish SWCNT triplets 
from the dark singlets. The coupling between two distinct electronic systems in close 
proximity is generally dominated by configurations of the same spin multiplicity (i.e. 
singlet-singlet, triplet-triplet). As a result, electronic energy transfer (EET) between 
molecules preferentially occurs between states of the same spin. Therefore if the donor 
(acceptor) spin state can be controlled then the acceptor (donor) spin is known. While 
singlet-triplet156 and triplet-singlet157 energy transfer has been observed in rare situations, 
the spin-allowed transfer processes are orders of magnitude more efficient and therefore 
the dominant pathway. This chapter will describe attempts to excite and detect SWCNT 
triplet states by energy transfer from porphyrin sensitizer molecules. 
Energy transfer techniques for generating forbidden states 
The transfer of electronic excitations from one molecule to of the same type 
(energy migration) or another type (energy transfer) is a fundamental photophysical 
process that has been investigated actively for close to a century. One reason it has drawn 
attention for such an extended period is its ubiquitous appearance in nature. Biologist and 
biochemists are interested in migration because it is a key process in photosynthesis. In 
addition, energy transfer can often be used to study dynamical processes at the nanometer 
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scale, earning it the title of the "spectroscopic ruler". These processes are of interest in 
chemistry and physics because they represent fundamental quantum electronic 
interactions. While much of the theoretical basis for EET is over fifty years old, new 
experimental results have exposed its limitations,158 and prompted new ideas about this 
old process159,160. Beyond the fundamental reasons, EET can be applied to important 
optical technologies such as lasing161, light emitting diodes162, and photovoltaics163 for 
innovative new designs and improved device performance. 
The transfer of excitation energy is typically classified by the magnitude of the 
interaction energy of two chromophores of interest compared with the vibrational and 
electronic line widths of the individual chromophores. When donor and acceptor are 
separated by more than 10 nm, there is no direct interaction and energy is only 
transported classically through the electromagnetic field by exchange of real photons. 
This process is often called 'trivial' energy transfer since most electromagnetic energy 
propagates through space in this manner. For chromophore spacing below 10 nm, 
Coulomb interactions between the excited and ground state electronic systems may result 
in energy transfer. A common analogy made to illustrate this process describes the 
coupling of two classical dipoles, where the oscillations of one are induced in the other. 
Forster formulated a quantum theory for this process, which has been successfully 
applied for over 50 years164. These Coulombic driven mechanisms cannot change the 
total spin of the system (absent spin-orbit coupling between the systems) and energy 
transfer occurs only between singlet levels. More interesting possibilities occur when the 
chromophores are spaced such that orbital overlap occurs (< 5 A). Depending on the 
interaction energy, this is usually called the intermediate to strong coupling regime. 
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Strong coupling occurs when the chromophores are no longer electronically distinct and 
the excited state delocalizes over the combined unit resulting in an exciton. Energy 
transfer has little meaning for single donor-acceptor pairs, though energy migration may 
occur in extended arrays of these chromophores such as molecular crystals165. The 
intermediate regime is often difficult to describe in that many interactions may contribute 
to the excited state. The Coulomb interactions described by Forster may contribute to 
excited state dynamics as well as the exchange interaction as Dexter noted 66. In 
addition, charge transfer interactions may play a large role in excitation transfer when 
orbital overlap occurs167. The importance of orbital overlap is that the spin of the each 
chromophore may be modified during the excitation transfer process allowing normally 
forbidden transitions such as triplet excitation from ground singlet states. 
Triplet energy transfer is relavent to a number of applications such as improved 
LED designs168, but here it provides a possible method for generating triplets in SWCNT. 
If the donor and acceptor are sufficiently close, then energy transfer can occur by 
exchange or charge transfer interactions yielding an excited acceptor triplet. Qualitatively 
this process is described as a 1 or 2 step electron transfer where an excited triplet donor 
returns to the ground state and the acceptor becomes excited, as shown in Figure 33. 
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Figure 33: Triplet energy transfer can be visualized as the exchange of two 
electrons. 
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Optical methods of detecting triplets 
The same absorption and luminescence methods used for determining the singlet 
spectrum can be applied to triplets. The lowest excited triplet can absorb a photon 
generating a higher excited triplet state. This triplet-triplet absorption spectrum can be 
measured using time-resolved techniques such as pump-probe spectroscopy. In principle 
this should be an excellent method for detecting SWCNT triplets. However, Tretiak has 
calculated the triplet-triplet absorption spectrum of SWCNT63 and found these transitions 
to fall beyond 1700 nm. Fast time resolved detection in this spectral range is not feasible. 
Delayed PL from SWCNT may be a more suitable probe for triplet state detection. For a 
singlet-triplet gap that is not much larger than kBT, the triplet population may recross to 
the first bright singlet state giving emission that persists beyond the normal PL lifetime. 
This delayed PL could exist as long as the triplet lifetime of the donor. In the absence of 
molecular oxygen, many organic molecules posses triplet lifetimes from milliseconds to 
seconds169. 
Choice of porphyrin as a sensitizer 
A number of factors influence the choice of molecular triplet energy donor. Most 
important is that the donor triplet level must lie energetically above the acceptor. 
Fortunately, carbon nanotube excited state energies are generally below ~1.2 eV, which 
is substantially lower than most organic molecules. Porphyrins (derivatives of porphine) 
were chosen for these studies since they have well characterized photophysical properties 
and in particular have very high triplet quantum yields. They are also available in various 
functional forms such as those shown in Figure 34. Many transition metal ions can be 
substituted for the hydrogen atoms in the center ring to modify the porphyrin 
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photophysical properties. In addition porphyrins have been demonstrated to complex with 
carbon nanotubes170, which should facilitate triplet energy transfer. Some of these studies 
have found evidence for rapid electron transfer from porphyrin to SWCNT171'172. Since 
electron transfer is a possible pathway for triplet energy transfer, this is a very promising 
system to study. 
Porphine Tetraphenyl Porphryin (TPP) Octaethyl Porphyrin (OEP) 
Figure 34: The heterocyclic porphine structure can be modified to yield many 
derivatives such as the two used in this work. 
Solubilization of SWCNT-porphyrin complexes 
Previous studies of SWCNT and porphyrin have been in organic solvents where 
nanotubes aggregate into small ropes. Even those nanotubes free from bundles do not 
display PL, which is thought to be a result of interactions between SWCNT and 
solvent173. Individual luminescent nanotubes are needed, which are easily obtained by 
suspension in aqueous surfactant solution. Unfortunately introducing porphyrins into this 
system is not straightforward. They are generally insoluble in water so that simple mixing 
of SWCNT solutions with solid organic yields no interactions. One report demonstrated 
partial suspensions of SWCNT bundles using water soluble tetrasulfonaphenyl porphyrin 
and noticed some porphyrin fluorescence quenching 74. When this water soluble 
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porphyrin was introduced into surfactant suspended SWCNT samples used in this work, 
we observed no interactions. This is likely the result of weak porphyrin-nanotube 
interactions and the significantly lower porphyrin concentration compared to the 
suspending surfactant (10~4 M vs 10"2M). The strong optical absorption and fluorescence 
of porphyrins in the visible spectrum complicates the use of higher concentrations. 
One way of meeting this challenge pursued in this work is the solubilization of 
donor within the surfactant layer surrounding the SWCNT. With this in mind, attempts 
were made to suspend porphyrin within a number of common surfactants used for 
nanotube dispersion, sodium dodecylbenzylsulfonate (SDBS), sodium dodecylsulfate 
(SDS), sodium cholate (SC), cetyl trimethylammonium bromide (CTAB) and Triton-X 
100 (TX100). The five different porphyrins used in these studies were octaethylporphyrin 
(OEP), zinc octaethylporphyrin (ZnOEP), palladium octaethylporphyrin (PdOEP), 
tetraphenylporphyrin (TPP), and zinc tetraphenylporphyrin (ZnTPP) (Sigma-Aldrich). 
Some of their relevant photophysical parameters are given in Table 2. 
Table 2: Photophysical parameters of porphyrin used in this study. 
OEP ZnOEP PdOEP TPP ZnTPP 
Soret extinction 159,000 417,000 191,000 470,000 574,000 
M'cm'CX
 max) (400nm)175 (404nm)176 (392nm)177 (419nm)178 (422nm)179 
Fluorescence 18.9 1.9 - 12.4 2.0 
Lifetime (ns)180 
Radiative 145 42 - 112 66 
Lifetime (ns)180 •- • 
The porphyrin was dissolved in chloroform at micromolar concentrations. These 
porphyrin solutions were added to aqueous 1% surfactant solutions and mechanically 
stirred and heated at ~70°C to slowly vaporize the chloroform. If any visible porphyrin 
solid remained, the sample was centrifuged for 10 minutes at 6000 xg to remove the 
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aggregates. In the anionic surfactants, most porphyrin precipitated resulting in cloudy 
suspensions. Absorption spectroscopy of those samples after centrifugation reveal very 
low concentrations of porphyrin (<1 urn). The cationic and neutral surfactants, however, 
solubilized a substantial amount of porphyrin (up to 100 uM), resulting in clear deeply 
colored solutions upon cooling to room temperature. Optical absorption and fluorescence 
spectra of these samples show well-resolved peaks with positions indicating a non-polar 
environment. The final concentrations of all samples were estimated using reported molar 
absorptivities for Soret band absorption in the non-polar solvents toluene or benzene 
(Table 2).175'177'179'181'182 
SWCNT used in this study were as-produced material obtained from the Rice 
University HiPco reactor or standard grade CoMoCat from SouthWest Nanotechnologies. 
The raw SWCNT were dispersed in 1% TX100 aqueous solutions by a combination of 
bath and tip sonication at concentrations up to 40 mg/L. The separate aqueous micellar 
suspensions of porphyrin and SWCNT were combined in various proportions to obtain 
mixed samples with porphyrin concentrations up to a few micromolar and SWNT 
concentrations up to 10 mg/L. These samples were allowed to equilibrate overnight 
before any measurements were made. Steady state fluorescence and absorption 
measurements were performed using a J-Y Spex Fluorolog 3-211 spectrofluorometer 
(with visible photomultiplier tube and near-IR photodiode detectors), an Applied 
NanoFluorescence NS1 near-IR fluorometer/spectrophotometer equipped with 659 nm, 
785 nm, and 532 nm excitation lasers, and a Cary 400 UV-visible spectrophotometer. All 
spectra were corrected for excitation power and detector spectral response. Polarized 
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measurements utilized standard Glan polarizers for excitation and visible emission 
analysis, and a nanoparticle film polarizer (Thorlabs) for near-IR emission. 
Evidence of SWCNT-porphyrin complexes 
When porphyrin solutions were mixed with nanotube suspensions of identical 
surfactant, no effects were found for CTAB, whereas TX100 displayed significant 
changes in the optical spectra. This quite likely was the result of reduced mixing of 
SWCNT and porphyrin because of electrostatic repulsion between micelles of cationic 
CTAB that is not present in neutral TX100 reducing mixing of SWCNT and porphyrin. 
The remainder of this work will refer to suspensions using TX100 as the surfactant. 
One obvious effect of interactions between porphyrin and SWCNT in TX100 
media is a significant increase in sample stability. Carbon nanotubes in TX100 are 
typically only stable for a few days to a week, yet as can be seen in Figure 35, increasing 
concentrations of TPP greatly reduced the amount of nanotube flocculation after a week. 
This observation is consistent with results reported for SWCNT-porphyrin complexes in 
organic solvents170. 
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Figure 35: Photo of a 15 mg/L SWCNT suspension in 1% TX100 1 week after 
preparation. From left to right: 0 uM, 1.5uM, 3uM, and 4uM added TPP. 
The fluorescence emission spectrum of TPP in TX100 solutions excited at 532 nm 
is shown in Figure 36 for various concentrations of added SWCNT. The luminescence 
intensity is monotonically quenched with increasing SWCNT content. As the porphyrins 
in this study are not water soluble, they are expected to partition exclusively into the 
micellar phase. Diffusion of surfactant monomers is negligible during the porphyrin 
singlet lifetime of <20 ns,183 so the micelle may be considered a static structure during 
this period. The quenching should be governed by the distribution of porphyrin and 
quencher within the micelles and the strength of their quenching interaction. 
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Figure 36: Changing TPP fluorescence spectra with addition 0 to 20 mg/L of 
SWCNT. The concentration of TPP was 1.5 uM and excitation was at 532 nm 
- i \ (18,800 cm1) 
Porphyrin molecules inside a micelle that contains a SWCNT will have an 
additional quenching decay pathway. Assuming a Poisson distribution of SWCNT in the 
micelles that contain porphyrin molecules, the steady state fluorescence / can be 
described by: 
Ice O0exp 
f
 [SWCNT]^ 
[MP] 
+ O, < 1 - exp 
f
 [SWCNT}' 
[Mp] 
(3.1) 
where Oo and G>i are the porphyrin quantum yields without and with a SWCNT inside the 
micelle, respectively, and MP is the concentration of micelles containing porphyrins.184 
If the quenching of excited porphyrins by a SWCNT in the same micelle is very efficient, 
then Oi « $o and (3.1) reduces to the form for static (Perrin type) quenching: 
/ocexp 
f
 [SWCNT]^ 
Figure 37 shows the experimental fluorescence quenching data in two different 
forms. Figure 37a shows an examination of the data in the form of a Stern-Volmer plot ( 
I0/I vs. [SWCNT]). There are serious deviations from linearity in this plot, indicating 
(3.2) 
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that the data do not correspond to dynamic quenching. Figure 37b presents the same data 
in the form In I/I0 vs. [SWCNT]. This logarithmic plot appears more nearly linear, 
consistent with equation (3.2) and suggesting the dominance of static quenching in this 
system. Although this analysis has assumed a constant concentration of micelles 
containing porphyrins, the significant size of SWCNT may induce aggregation of 
surfactant monomers on the nanotube, resulting in a lower number of micelles as the 
SWCNT concentration is increased.185 This effect may explain the slight downward 
curvature in the static quenching plot. 
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Figure 37: Fluorescence quenching data for 1.5 uM TPP with addition of SWCNT, 
shown as standard Stern-Volmer (a) and Perrin (b) plots. 
Despite the substantial quenching, normalized spectra of TPP emission (Figure 
38) show no significant broadening or shifting that might be expected for electronically 
perturbed systems. This is expected if efficient quenching leads to observation of 
fluorescence only from the subpopulation of porphyrin molecules not associated with 
SWCNT. This suggests a very strong interaction between SWCNT and the porphyrin, 
which can be seen from changes in the porphyrin absorption spectra with increasing 
SWNT concentration (Figure 39). 
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Figure 38: Normalized emission spectra of TPP without (solid line) and with (dashed 
line) 4.5 mg/L of SWCNT (532 nm (18,800 cm'1) laser excitation). The red curve has 
been scaled by a factor of ~2. 
The intense Soret band absorption at 23,900 cm"1 is bleached by the addition of 
SWNTs, and a shoulder appears that can be spectrally deconvoluted to reveal a new peak 
that is much broader (510 cm"1 compared to 280 cm"1) and red-shifted by -900 cm"1.186 
The two absorption components reflect separate subpopulations of porphyrin molecules 
inside micelles: one is complexed with SWNTs, and the other is isolated from SWNTs. It 
is well documented that porphyrin molecules can self-associate by stacking in an offset 
face-to-face geometry, forming "J aggregates" that exhibit large red shifts due to level 
splitting by excitonic effects.187 It is possible that the porphyrins might couple to the 
SWNT 7r-system in a similar manner. 
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Figure 39: (a) Absorption spectra of 1.5 uM TPP in TX100 with SWCNT contents of 
0,1)2,4, and 8 mg/L. Spectra were obtained using reference solutions with 
corresponding SWNT concentrations, (b) Fitting of porphyrin absorption spectrum 
with three Gaussian functions and baseline. The features 1 and 2 are the complexed 
(22,982 cm"1) and uncomplexed (23,898 cm"1) porphyrin respectively. Feature 3 is a 
vibronic component of the unshifted Soret band. 
Effects of porphyrin on SWCNT optical spectra 
While the porphyrin PL is heavily quenched and absorption shifted, the optical 
effects on the SWCNT are less drastic. Figure 40a shows the near-IR fluorescence 
spectrum of SWNT and SWNT/TPP samples excited at 785 nm, which is far from TPP 
absorption features. In contrast to the unchanged porphyrin emission of Figure 38, red 
shifting of SWNT luminescence by up to 3G0 cm"1 is observed as well as some partial 
quenching of the lowest energy transitions. Some of this apparent quenching may 
actually be due to shifting of the E22 transition energies away from the laser line. As 
shown in Figure 40b, however, the near-IR absorption spectra of the two samples appear 
nearly identical (close inspection reveals red shifts below 100 cm"1). The large Stokes 
shift between absorption and emission may arise as excitons migrate along the nanotube 
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axis into regions of varying dielectric environment caused by irregularities in porphyrin 
coverage. 
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Figure 40: Comparison of spectra for suspensions of SWCNT only (black line) and 
SWCNT/TPP complex (red line), (a) Emission spectra excited at 785 nm (12,740 cm" 
'); (b) Absorption spectra; (c) Fluorescence excitation spectra for emission at 1135 
nm. The concentrations of SWCNT and TPP were 5 mg/L and 1.5 uM, respectively. 
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These observations generally indicate that ground state electron transfer is not the 
source of porphyrin quenching (and consequently not the reason for complex formation). 
The excitation spectrum for SWCNT near-IR emission (Figure 40c), reveals that addition 
of porphyrin to the SWCNT results in red-shifting of excitation features by -300 cm"1 
and the appearance of a new peak at 23,300 cm"1 corresponding to the porphyrin Soret 
absorption band. To confirm that the near-IR emission is in fact from SWCNT rather than 
the long-wavelength tail of porphyrin fluorescence, complete excitation/emission scans 
were performed on SWCNT-only and mixed samples. Figure 41 shows the resulting 
contour plots. From Figure 41b, it is clear that the porphyrin Soret absorptions lead to 
characteristic SWCNT near-IR emission, implying energy transfer from the complexed 
porphyrin. 
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Figure 41: Excitation/emission contour plots measured for suspensions of (a) 
SWCNT and (b) SWCNT/TPP. The concentrations of SWCNT and TPP were 5 
mg/L and 1.5 uM, respectively. 
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For the mixed sample, excitation spectra were measured for emission at 650 nm 
(15,380 cm"1 from the uncomplexed porphyrin) and for emission at 1135 nm (8,810 cm"1 
from the SWNTs). From these spectra, shown in Figure 42, it is found that the main 
sensitized SWNT excitation band is red-shifted by -1000 cm"1 compared to the 
uncomplexed porphyrin fluorescence excitation band (Figure 42). 
This result matches the absorption data of Figure 39, demonstrating the presence 
of two distinct subpopulations of porphyrin in the mixed sample. Energy transfer is 
predominantly from complexed porphyrin with red-shifted Soret band. It is notable that 
excitation of this red-shifted feature generates virtually no porphyrin emission, showing 
that quenching of those porphyrin molecules complexed with nanotubes is very efficient. 
However it is possible the uncomplexed (and therefore unshifted) porphyrin may transfer 
energy to SWCNT. 
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Figure 42: Excitation spectra for SWCNT emission at 1135 nm (solid line) and TPP 
emission at 650 nm (dashed line) within the same sample. The concentrations of 
SWCNT and TPP were 5 mg/L and 1.5 uM, respectively. 
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Determining the electronic energy transfer mechanism 
The mechanism of energy transfer remains a fundamental question to address and 
key to determining if SWCNT triplet states are involved. The simplest possible 
mechanism is radiative transfer. However, as shown in Figure 43a and Figure 43b, 
comparable energy transfer was observed from OEP, a strongly fluorescent porphyrin 
(<DFi -0.13 ; is, -18 ns)180 and from the essentially non-fluorescent PdOEP (OFi~3xl0"4; 
ts, -20 ps).188 This clearly rules out simple radiative energy transfer. 
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Figure 43: Excitation/emission contour plots measured for suspensions of (a) 
SWCNT/OEP and (b) SWCNT/PdOEP. The concentrations of SWCNT and 
porphyrins were 5 mg/L and 2 uM, respectively. 
Dipole mediated energy transfer is one of the most commonly observed non-
radiative energy transfer processes since it may occur across distances of a few 
nanometers. The direct Coulomb interaction between two chromophores depends on the 
overlap between the donor's emission and the acceptor's absorption spectra as well the 
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donor radiative lifetime and can be quantified with Forster theory giving a relative energy 
transfer rate: 
£oc— \F v a v —rdv 
T
»o
 v
 (3.3) 
where TD is the donor radiative lifetime, F(v) is the donor fluorescence spectrum and o(v) 
is the acceptor absorption cross-section140. Since the porphyrin fluorescence is 
predominantly between 12,000 and 20,000 cm"1, energy transfer might occur through 
coupling with SWCNT E22 transitions. Some of these overlap integrals are computed in 
Table 3 using experimentally measured fluorescence spectra of four porphyrins and 
SWCNT E22 transitions modeled as Lorentzian functions with published peak centers and 
1 ftQ 
line widths . The two spectral functions are normalized by area before integration, 
which assumes equal E22 cross-sections. 
Table 3: Relative energy transfer efficiency (arb. units) 
(6,5) 
(8,3) 
(7,5) 
OEP 
6.9 
38.6 
36.5 
TPP 
8.0 
58.9 
47.3 
ZnOEP 
61.9 
57.1 
85.7 
ZnTPP 
18.1 
93.9 
83.3 
The emission spectra of these three SWCNT structures excited through porphyrin 
donors are shown in Figure 44a. The SWCNT concentrations in these samples were the 
same and porphyrin concentrations were adjusted such that the energy transfer is 
maximized. While porphyrin-free samples show some residual SWCNT PL at these 
excitation wavelengths, the signal is more than 90% sensitized luminescence, so these PL 
intensities are treated as relative energy transfer rates. Based on the sum of transfer 
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efficiencies of these three SWCNT, the PL intensity would be expected to follow the 
trend ZnOEP (204.7) > ZnTPP (195.3) > TPP (114.2) > OEP (82.0). The experimental 
PL intensities corrected for porphyrin Soret absorption cross sections show a negative 
rather than the expected positive correlation with the Forster energy transfer rates as 
shown in Figure 44b. From this analysis it seems that Coulomb interactions within the 
framework of Forster theory cannot describe the observed energy transfer. 
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Figure 44: (a) Sensitized PL of (6,5), (8,3) and (7,5) carbon nanotubes. The 
excitation wavelength corresponds to the maximum of the energy transfer band 
between 400-450 nm. (b) The integrated PL from 9,000-10,500 cm"1 after correction 
for Soret absorption from Table 2. 
If excitation transfer occurs in complexes, as much of the spectral data suggests, 
close proximity between SWCNT and porphyrin molecules offers the possibility of 
efficient energy transfer through orbital overlap interactions. Guldi et. al. have 
performed picosecond resolved spectroscopy on SWCNT-porphyrin complexes and 
found evidence for the porphyrin cation in polar solvents, which they suggest forms by 
electron transfer171. Electron transfer processes depend on frontier orbital energies, which 
can be characterized by redox potentials. The one-electron reduction potential of the (6,5) 
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nanotube has been experimentally determined to be approximately 0.8 V versus the 
normal hydrogen electrode.190'191 By comparing this value with the excited state 
oxidation potential of TPP,183 the ground and first excited states can be ordered as drawn 
in Figure 45a. This ordering is consistent with theoretical DFT calculations showing that 
both HOMO and LUMO orbitals within a TPP/(8,0) complex have predominantly 
SWCNT character. 192Assuming weak interactions, for a TPP molecule complexed with a 
SWCNT, promotion of an electron to a higher orbital through Soret band absorption 
results in rapid IC to the first excited singlet state of the porphyrin designated as S™p in 
Figure 45. The excited porphyrin state then decays by an ultrafast process that competes 
efficiently with radiative decay, quenching the fluorescence. One interpretation of this is 
exothermic electron transfer to the SWCNT, aided by its close proximity and the large 
density of electronic and vibrational states available in the SWCNT conduction band, 
which is labeled as s*™1'" . These are mostly likely levels lying in the second conduction 
band of the SWCNT, though electron-phonon coupling could allow transfer to other 
orbitals. The rate of this electron transfer may be estimated as greater than 5 x 1010 s"1 if 
PdOEP energy transfer occurs through its singlet state. The transferred electron relaxes to 
the lowest conduction band orbital of the SWCNT sf™7 accompanied by one of two 
competing processes. One, illustrated in Figure 45b, is electron transfer from the SWCNT 
to the unfilled low-lying orbital of the porphyrin cation, generating the SWCNT lowest 
excited state that shows sensitized near-IR emission. The other would be separation of the 
charged SWCNT and porphyrin, as has been observed in polar media. However, such 
charge separation would be disfavored in this system because of the physically 
constrained, non-polar environment provided by the micelles surrounding the complex. 
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Figure 45: Schematic model illustrating the electron exchange mechanism for singlet 
state energy transfer from TPP to a complexed (6,5) SWNT following optical 
excitation of the TPP. Energy labels on orbitals are deduced from electrochemical 
data, as described in the text. Rate constants kt and k2 represent the transfer of 
ground and excited state electrons, respectively. The magnitude of ki has been 
estimated assuming PdOEP singlet sensitization of the SWNT excited state. 
Nonadiabatic electron transfer can quantified in terms of a potential barrier 
between the electronic potential surfaces of the donor and acceptor. The transfer is 
mediated by vibrational coupling between the two surfaces and the rate within the 
Marcus theory of electron transfer193 is given by 
I" AE-EA 2 
ET
 \EkkRT 
. L l B J (3, 
where A is a pre-exponential factor, AE is the difference in energy between the zero-
phonon electronic surfaces, E^ is a nuclear reorganization energy, ks is the Boltzmann 
constant, and T is the system temperature. This simple relation predicts that the electron 
transfer process becomes more favorable as the energy gap approaches the reorganization 
energy. The electronic surfaces of each nanotube structure are expected to depend on 
diameter so a detailed analysis is not possible in the polydisperse samples used in these 
studies. However, if the SWCNT PL is integrated to average these structural effects, a 
comparison can be made between porphyrins with different electronic structure, which 
are well characterized. 
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Figure 46: (a) Sensitized PL of CoMoCat carbon nanotubes. The excitation 
wavelength corresponds to the maximum of the energy transfer band between 400-
450 nm. (b) The integrated PL from 8,500-11,750 cm"1 after correction for Soret 
absorption from Table 2. The dashed line represents the electron transfer rate from 
Marcus theory for a reorganization energy of 0.25 eV. 
Measurements of integrated SWCNT PL through Soret band excitation (400-440nm 
depending on porphyrin) are shown in Figure 46a for new samples showing saturated 
photosensitized nanotube emission. The nanotubes here should have HOMO levels above 
0.8 eV (corresponding to (6,5) the smallest abundant nanotube). The nanotube HOMO 
along with the cation reduction potential gives an approximate energy gap between the 
electronic levels where electron transfer is expected to take place. The corrected 
efficiencies shown in Figure 46b appear to display a local maximum around 0.25 eV, 
which can be compared with the Marcus prediction for a 0.25 eV reorganization energy. 
There is reasonable agreement between the experiment and theory, although ZnTPP 
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clearly breaks the trend. This suggests that the second electron transfer step limits the 
energy transfer efficiency. In principle the first electron transfer step may be initiated 
from either a singlet or triplet state so this energy transfer cannot be clearly assigned to a 
specific spin multiplicity. 
Optical anisotropy of the porphyrin-SWCNT complex 
The presence of the nanotube induces a significant red-shift of ~900 cm"1 to the 
porphyrin Soret transition that is much larger than the inhomogeneous broadened 
Gaussian line width of-280 cm"1 of the unperturbed porphyrin. This large spectral shift 
is reminiscent of exciton effects in porphyrin aggregates and would indicate intermediate 
to strong coupling between SWCNT and porphyrin. In a molecular aggregate such as a 
dimer, the observed red-shift is a result of split degenerate energy states where the 
oscillator strength is concentrated in the lower band. The splitting arises from the direct 
Coulomb interaction between two chromophores. The effects of aggregation are often 
classified by two extreme cases consisting of a pair of identical molecules with parallel 
dipolar transition moments (Figure 47). If the two monomers are offset by a vector 
parallel to the transition moments, a J-aggregate is formed and the oscillator strength is 
contained in the lower transition. Alternatively an H-aggregate exists if the monomers are 
spatially offset by an vector orthogonal to the transition moments resulting in strong 
absorption for the high energy state. The two excitonic transition moments for two 
identical chromophores are expected to be perpendicular in the strong coupling regime194. 
H-aggregate J-aggregate 
Monomer 
Figure 47: H and J-aggregate orientation for dimmers. The monomer transition 
moment (green) is split into two new transitions, one allowed (blue) and one 
forbidden (red). The shift of the allowed transition depends on the dimer 
orientation. 
The two coupled transitions may originate from non-identical chromophores such as the 
porphyrin and SWCNT, resulting in an unknown relative orientation of the transition 
moments. Furthermore since electron transfer appears to be involved in the energy 
transfer process, orbital effects beyond a dipole-dipole Coulomb interaction may need to 
be considered. In general, any degenerate state such as that involved in the porphyrin 
Soret band is expected to split into two transitions from the dipolar Coulomb component 
and shift from charge transfer interactions195. If these effects are present in the complex 
then the dominant red-shifted Soret band suggests that a corresponding forbidden (or 
more likely weakly allowed) blue shifted band may be observed in absorption and 
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emission spectroscopy. The complexity of the spectra requires additional analysis to 
determine if this transition exists. 
Using polarized excitation and analyzing the polarization content of the sample 
emission allows two unique spectra to collected. The simplest theoretical model for 
dipoles predicts that these two data sets correspond to PL from transition moments 
parallel and perpendicular to the excitation transition194. The ratio of these spectra gives 
an anisotropy spectrum as 
. * - l 
r(v) = 
* + 2 (3.5) 
where R is the ratio between the parallel and perpendicular spectra. In principle this is 0.4 
for perfectly parallel and -0.2 for perpendicular excitation and emission transitions. The 
relative orientation of an excitation band with respect to the emission polarization 
(nanotube) axis can be determined from this spectrum. In practice these values are lower 
due to experimental artifacts, rotational diffusion of the chromophore, and energy 
migration/transfer. Rotational diffusion effects are very important for small 
chromophores with long lifetimes. However, the size and time domain of SWCNT-
porphyrin excitations should exclude this effect. Any changes in the anisotropy spectrum 
would result from energy transfer or perturbation of the SWCNT transition moment. 
The raw excitation spectra for SWCNT only and mixed with TPP are shown in 
Figure 48a and Figure 48b. The anisotropy spectrum in Figure 48c reveals some 
interesting information about the energy transfer process. The main red-shifted Soret 
band is highly anisotropic, comparable to direct E22 excitation, which is polarized along 
the nanotube axis. The Soret transition is degenerate within the porphyrin plane196 so this 
high anisotropy is unexpected. If porphyrin is randomly distributed onto the nanotube 
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surface the Soret excitation should be isotropic with respect to the nanotube axis (and 
thus the Ei i emission transition) due to the porphyrin planar degeneracy. It should be 
noted that while TPP belongs to the D2h symmetry group because of the two protons 
bound to opposite nitrogen atoms, the Soret transition involves orbitals of overall D4h 
symmetry, hence the planar degeneracy. By contrast, the lower energy Q-band transitions 
are non-degenerate. The effects observed here were also observed for D^ ZnTPP, which 
lacking protons has degenerate Q and Soret transitions. (Appendix C). 
The first possible explanations for the high measured anisotropy is that the 
porphyrin may form ordered aggregates on the nanotube surfaces, as has been suggested 
by Basiuk and Bassiouk197. Large J-aggregates typically exhibit a highly polarized 
excitonic transition along the extended axis198. However, these large aggregates of 
identical molecules show very narrow absorption spectra and significantly larger shifts 
than measured in our samples. 
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Figure 48: Polarized excitation spectra of (a) SWCNT and (b) SWCNT-TPP 
observed at 1130 nm (corresponding to the (7,6) and (8,4) species) and (c) raw 
anisotropy spectrum. The corrected anisotropy is shown in (d) with the PL 
excitation spectrum in the vicinity of the porphyrin Soret band. 
The second possibility is the mixing of the two degenerate porphyrin Soret states 
with the E33 or E22 SWCNT state resulting in a transition moment oriented along the 
nanotube axis. The Coulomb interaction would mix these states analogous to molecular 
aggregates giving a split transition. Indeed, a low anisotropy band shifted by -2,000 cm"1 
to the blue of the main energy transfer band can be seen, which is clearly absent in the 
SWCNT-only sample. The raw anisotropy in the porphyrin Soret region contains some 
contribution from direct SWCNT excitation. The correct energy transfer anisotropy can 
be found by subtracting the intrinsic SWCNT anisotropy140: 
r
raw U ~ J SWCNT V rSWCNT ^ "*" [_ *~J SWCNT V ]rET V 
_
 r
raw V ~ JSWCNT V rSWCNT V ' 
rET v — [\_ f ~\ [} JSWCNT V J 
where f(SWCNT) is the fractional contribution from SWCNT excitation estimated from 
Figure 48a and Figure 48b. From the original spectra it is evident that it is due to a 
shoulder at -24,500 cm"1, blue shifted by -600 cm"1 from the unperturbed porphyrin 
transition. The difference in anisotropy of these two transitions is larger than the 
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spectrum suggests because the two bands partially overlap. Since the spectral red and 
blue shifts are not equal, the excited state energy is roughly 60 meV lower in energy than 
in the unperturbed porphyrin. This energy likely corresponds to the stabilization due to 
charge transfer interactions with the S WCNT, which reduces the excited state energy of 
the complexed porphyrin versus the unperturbed porphyrin195. 
The presence of blue- and red-shifted excitation bands with significantly different 
anisotropy with respect to the nanotube axis is evidence of relatively strong interactions 
between the porphyrin and SWCNT upper excited states. One result of this coupling may 
be energy or electron transfer from the unrelaxed porphyrin excited state generated by 
Soret excitation. This is consistent with the lack of fluorescence from complexed 
porphyrin in this study. Considering that this second excited state of the porphyrin relaxes 
within 3 ps, we deduce that excitation transfer to the SWCNT occurs on the femtosecond 
time scale199'200. In this case excitation transfer is certainly too fast to involve triplet 
states. This may explain why PdOEP is observed to be an efficient sensitizer despite its 
singlet lifetime of 20 ps. 
Challenges for detecting SWCNT triplet states 
Unfortunately carbon nanotube and porphyrin form a very complicated electronic 
system and the above analysis can not completely distinguish between singlet and triplet 
transfer processes. The relatively strong electronic coupling observed between the Soret 
state and the SWCNT suggests that energy transfer is much too rapid to involve triplet 
states. The observation of slow delayed PL characteristic of triplet energy transfer does 
not seem to be possible in this system due to the extremely efficient singlet transfer 
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within the complex. One possible way of overcoming this limitation is to look for energy 
transfer from porphyrin that is not complexed with the SWCNT. These porphyrin 
molecules will undergo ISC as normal and during their long lifetime may diffuse into a 
SWCNT and transfer triplet energy. Efforts to detect slow (fis scale) porphyrin triplet 
quenching by SWCNT through flash photolysis were unsuccessful. The time scale for a 
free porphyrin to transfer from one micelle to another containing a SWCNT is likely 
9 0 1 • 
much larger than the porphyrin triplet lifetime (few milliseconds) at room temperature . 
Triplet energy transfer is the most promising method for unambiguously detecting 
SWCNT triplet states, although a different donor that does not display singlet interactions 
with the SWCNT may be necessary. One good candidate is molecular oxygen, which can 
sensitize triplets169 below 7,850 cm"1. A recent study has found that excited singlet 
oxygen is quenched by SWCNT202. Sensitized PL could not be detected in these studies 
suggesting a large singlet-triplet energy gap, or that excitation from a SWCNT triplet 
state to a bright singlet to too slow to complete with ISC to the SWCNT ground state. 
Conjugated polymers are another interesting potential triplet energy donor. Sensitized 
nanotube PL emission has already been detected in SWCNT embedded in conjugated 
polyfluorenes and polyphenylene vinylenes203'204. Although the exact mechanism is 
unknown in this system mobile triplet excitons are known to be produced by 
photoexcitation of these polymers205. Since the conjugated polymer system forms a 
homogenous film that is transparent to visible light, this could be an ideal system for 
future study. 
Although triplet energy transfer was not identified in these studies, they 
nonetheless give evidence of significant electronic coupling between the upper excited 
states of the porphyrin and SWCNT resulting in very efficient singlet energy transfer. 
There has been recent interest in using carbon nanotubes and porphyrin for photovoltaic 
devices because of the long-lived charge transfer states (up to ~10"7 s) that have been 
/^AiT T A T 
observed in some studies ' . Photochemical solar cells and photoactive field effect 
transistors have already been fabricated from carbon nanotubes and porphyrin 
demonstrating the potential of these materials . Charge and energy transfer are two 
competing pathways in these complexes and further studies may provide insight how to 
optimize these devices. 
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Appendix A - Atomic Force Microscopy 
Tapping mode atomic force microscopy (Veeco Nanoscope) was performed on samples 
spin coated on mica and washed with isopropyl alcohol and H-methylpyrrolidone. 
Simagis image analysis software (Smart Imaging Technologies) was used to obtain 
length distributions from AFM data. The length and height of nanotube objects are listed 
below. 
Length (nm) 
619.7900 
647.4648 
414.9160 
1270.8127 
1238.3143 
1025.5553 
1535.8292 
495.0542 
1146.7483 
323.6794 
511.7248 
561.2301 
360.7595 
1065.5759 
779.3173 
1706.1733 
486.6129 
633.7831 
1347.9920 
546.5766 
351.0020 
500.1375 
739.0097 
1213.8533 
1885.8212 
1622.7266 
657.7997 
1637.8014 
461.4526 
1162.2399 
2828.8013 
1056.2694 
857.5789 
Height (nm) 
3.4386 
1.2266 
1.5222 
2.8660 
1.8792 
2.9605 
2.6508 
1.4985 
2.5248 
1.8199 
1.2942 
3.1263 
1.8512 
2.9498 
3.2590 
3.9057 
1.1095 
2.5347 
3.1993 
3.4566 
1.1365 
2.7831 
1.6716 
1.5491 
2.6475 
1.8859 
2.3750 
3.9237 
1.1853 
1.1449 
3.4039 
2.0224 
3.0592 
Length (nm) 
351.7156 
938.5773 
160.0366 
527.8284 
671.9486 
313.1631 
1030.5258 
291.0648 
255.9054 
1477.8762 
887.8927 
465.5953 
285.1861 
1152.0892 
724.1633 
456.4837 
352.9643 
296.3757 
372.3693 
246.5820 
641.1621 
825.9803 
569.0077 
591.6078 
217.2324 
230.3949 
332.2206 
139.1336 
266.5910 
797.1478 
1156.5425 
672.8214 
716.7747 
Height (nm) 
0.9740 
3.4169 
1.3984 
3.2984 
3.1606 
2.6031 
3.1927 
2.6802 
3.1249 
3.0550 
2.6647 
2.0365 
2.9048 
2.0584 
0.7943 
0.8814 
2.7444 
3.8099 
2.2594 
1.2189 
3.7034 
3.9906 
2.9361 
1.9616 
3.7433 
2.5782 
2.2735 
1.9876 
3.1566 
3.0187 
1.8417 
2.0862 
2.8604 
Length (nm) 
283.0972 
193.5224 
384.3021 
1173.4374 
476.4440 
250.6230 
390.2745 
216.2821 
1979.7897 
510.7487 
1297.3303 
1965.2994 
1651.2295 
1632.9120 
940.6331 
819.3970 
1126.8324 
1559.6980 
426.5700 
629.0975 
1360.8862 
1671.4625 
1783.1261 
1455.7590 
1715.8492 
881.9467 
545.8756 
243.9334 
490.4742 
489.7604 
1027.8823 
1031.7533 
971.0031 
Height (nm) 
1.11.62 
1.1615 
3.0733 
1.2662 
0.8216 
1.0798 
3.3313 
2.7047 
3.9414 
1.1909 
3.5678 
1.4270 
3.1531 
3.8250 
1.6081 
1.6246 
0.6342 
1.8051 
0.6628 
1.2810 
3.4517 
1.4415 
3.4153 
1.0876 
2.0280 
0.4339 
2.0191 
0.6636 
2.2234 
2.9771 
2.0504 
1.6361 
0.9341 
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Length (nm) 
633.7356 
2225.6750 
506.4032 
1222.2311 
521.0657 
1086.9083 
1569.1252 
264.4940 
1511.5009 
467.9349 
724.8881 
802.5607 
2421.3943 
1653.7804 
817.7004 
359.0480 
1193.8464 
Height (nm) 
1.1129 
3.5277 
0.8473 
2.5455 
1.7898 
3.7806 
1.6479 
0.7895 
2.3781 
1.6874 
3.8560 
0.6659 
1.8875 
2.0130 
3.0125 
0.5160 
1.4196 
Length (nm) 
751.7841 
405.4410 
421.2796 
236.6516 
512.0301 
347.2647 
1547.6355 
1294.0796 
1186.5594 
1530.4779 
684.0252 
1641.1642 
396.9158 
1013.4362 
1024.7535 
1251.4736 
1297.6704 
Height (nm) 
1.8778 
0.8518 
1.7438 
0.3922 
2.9791 
2.1711 
3.4588 
1.0314 
0.8222 
1.6720 
3.4017 
1.1621 
0.8412 
0.5814 
3.4400 
1.3732 
3.2736 
Length (nm) 
2246.8350 
818.2980 
440.3257 
735.1921 
892.0999 
459.2607 
242.0215 
781.8504 
554.2928 
1299.3510 
367.3819 
2083.2563 
1325.3939 
466.5663 
462.7294 
678.5608 
Height (nm) 
2.7797 
3.4870 
0.9025 
2.5241 
0.8781 
3.1741 
0.6499 
2.5759 
3.3812 
2.9005 
1.7348 
1.8109 
1.0562 
3.6746 
0.8914 
0.8030 
Appendix B - Conventional photoluminescence anisotropy 
measurements 
The PL anisotropy of SWCNT can be measured using a conventional fluorimeter setup in 
an L- configuration as shown below in Figure 49. The measured anisotropy spectrum is 
then generated by taking the proper ratios of spectra which removes any polarization 
dependence of the monachromator. 
r(w) = R-l 
R + 2 
where 
D _ *W*HV 
*HH*VH 
EXCITE EXCITE _ _ 
HORIZONTAL - W l 
Figure 49: The L configuration allows PL anisotropy to be collected with a sinsk 
detector (from Ref140). 
This ensemble anisotropy can also be expressed in terms of the angle between the 
excitation and emission transition moments of individual chromophores: 
2 
r v = — 
5 
3cos (/> -1 
where <p is the angle between excitation and emission dipoles. If emission is collected 
from sources of different anisotropy such as parallel and perpendicularly excited 
SWCNT, they can be added by their fractional contribution. 
r v = P rL + 1 - fi /jj 
r-r„ r -0 .4 
P = 0.6 
where p is the fraction of perpendicular excitation, r{] = 0.4 for parallel transitions and 
rx = -0.2 for perpendicular transitions. The measured emission anisotropy spectrum r(v) 
for SWCNT excited at 655 nm is shown in Figure 50. The maxima corresponding to the 
four identified nanotube structures are used in Table 1 of Chapter II. 
950 1000 1050 1100 1150 1200 1250 1300 
Emission wavelength (nm) 
Figure 50: Emission anisotropy spectrum for sample examined in Chapter II with 
655 nm excitation. 
122 
Appendix C - ZnTPP and TPP complex anisotropy 
The excitation spectra for SWCNT luminescence at 10,500 cm"1 corresponding to the 
(6,5) structure is shown below in Figure 51a in the porphyrin Soret region for TPP and 
ZnTPP. The anisotropy spectrum in Figure 51b is similar in shape and magnitude for 
both porphyrin despite different structural symmetry. 
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Figure 51: (a) Normalized PL excitation spectra for 10,500 cm"1 emission of SWCNT 
and TPP and ZnTPP and (b) corresponding excitation anisotropy spectra. 
